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1. GENERAL INTRODUCTION 
Scope of this thesis 
In the course of the 20th century, two large-scale embankment projects were 
carried out in The Netherlands to safeguard the population during storm surges. 
The Zuiderzee Project was finished in 1932, by a 32-km long barrier dam, after 
which the Zuiderzee, now IJsselmeer, freshened (Wolff, 1992). From 1953 
onwards, the Delta-project was carried out, which consisted of the reinforcement 
of the entire coast line and the closure of several estuaries (Wolff, 1992). In 
1970, the Haringvliet, the principal outlet of the rivers Rhine and Meuse, was 
closed as a part of this project (Fig. 1). The dam was provided with large sluices 
to regulate the discharge of river water artificially. Because the Haringvliet was 
the main research area in the present study, I will concentrate on the effects of 
this closure on formerly abundant Scirpus wetlands. 
The closure of the Haringvliet had a large hydrological impact; as the northern 
Delta basin with a mean tidal difference of 2 m was transformed into a large 
(semi-tidal) freshwater lake with a mean tidal difference of 30 cm. The northern 
Delta-basin consisted of the brackish seaward part Haringvliet, a transition -
mainly freshwater- part Hollandsen Diep and an extensive freshwater tidal area 
Biesbosch (Fig. 1A). After the Haringvliet was closed, the water level became 
fixed and the continuous attack of wave-action caused severe erosion of wetlands, 
resulting in a loss of 5 to 10 ha annually (Ferguson and Wolff, 1984). Further-
more, sedimentation slowed down, and depositions originating from the sea were 
replaced by fluvial sediments, which were mainly deposited in the river channel 
instead of on the former intertidal mudflats (Ferguson and Wolff, 1984). 
Before the closure of the Haringvliet extensive stands of Scirpus lacustris and 
S. maritimus occurred along the northern Delta basin. There were two subspecies 
of S. lacustris. Seaward, at brackish sites the subspecies tabernaemontani 
prevailed, whereas the subspecies lacustris could only be found at freshwater 
sites. Scirpus maritimus occurred along banks and levees irrespective of salinity 
levels. In the Biesbosch, all three Scirpus taxa occurred together, with S. 
maritimus on the natural levees, which are relatively high and sandy and S. 
lacustris ssp. lacustris at the low-lying back swamps, with poor drainage, behind 
these levees. Scirpus lacustris ssp. tabernaemontani occurred on sheltered mud 
flats (Zonneveld, 1960; De Boois, 1982; Kuijpers, 1985). The occurrence of S. 
lacustris has been greatly affected by commercial plantings (Zonneveld, 1960; 
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Bakker, 1954; Drok, 1985). Scirpus maritimus has no commercial use, and has 
been removed from commercially exploited S. lacustris stands (Zonneveld, 1960; 
Kuijpers, 1976). 
Figure 1. The location of the former Zuiderzee (now Lfsselmeer) and the northern Delta-
basin in The Netherlands. (A) The northern Delta-basin consists of Haringvliet, Hollandsen 
Diep and Biesbosch. (Arrows indicate barrier dams across Usselmeer, and across the 
Haringvliet). 
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The hydrological changes after the damming of the Haringvliet resulted in a 
fast disappearance of the Scirpus wetlands (Ouweneel, 1974; Kuijpers, 1976; 
Smit and Coops, 1991). At the end of the 70s the government became aware of 
the loss of important nature values along with the rapid erosion of wetlands 
(Ferguson and Wolff, 1984; Kuijpers, 1985). Among others, shore-line protection 
works were carried out in order to stop erosion and to create sheltered fore-
shores, where potentially important aquatic ecosystems can develop (Kuijpers, 
1985; Admiraal et al., 1993). 
Although erosion has stopped along most shores of the northern Delta-basin 
the Scirpus taxa did not re-establish naturally. In 1986 the Institute for Inland 
Water Management and Waste Water Treatment (RIZA) therefore initiated a 
three-year-study to investigate possibilities for the restoration of Scirpus wetlands. 
Part of the work in this thesis was financed by RIZA. In this period a number of 
field studies was undertaken to study possibilities to replant Scirpus using 
vegetatively propagated material. These field studies are important to assess how 
successful the artificial re-establishment of Scirpus at specific sites in former tidal 
areas can be. However, the restoration of extensive wetlands can only be 
reached, by allowing natural establishment and, subsequent growth of wetland 
species (Mitsch and Gosselink, 1993). Therefore when it became clear that 
extended funding was feasible, research was continued in order to assess whether 
Scirpus taxa are able to establish and grow naturally under the present day 
hydrological conditions in former tidal areas. In a number of experiments the 
impact of relevant environmental factors on different phases in the life-cycle of 
Scirpus was studied. 
Outline of this thesis 
In Chapter 2 the results of the replant experiments are presented. In these 
experiments S. lacustris ssp. lacustris and S. maritimus were used. The S. 
lacustris subspecies lacustris was chosen instead of tabemaemontani because in 
freshwater the former subspecies is able to grow in much deeper water than the 
latter one (Bakker, 1954). In Chapter 3 and 4 aspects of the regeneration phase 
are presented. In these chapters all three Scirpus taxa were used, as it was 
expected that Scirpus taxa would show considerable differences in germination 
and seedling establishment. In Chapter 5, 6 and 7 various life-history 
characteristics of S. maritimus in the established phase are presented. This taxon 
was used because the different ramets and ramet parts are better to be 
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distinguished than those of S. lacustris. Furthermore, unlike S. lacustris, clonal 
expansion (rhizomes) and storage (tubers) functions are separated. In the general 
discussion the question is addressed whether it is feasible to restore Scirpus in 
former tidal areas. 
This general introduction is continued with a summary of the taxonomy and 
life-cycle of Scirpus. Special emphasis is given to the establishment and growth 
of Scirpus in non-tidal freshwater bodies. 
Taxonomy, general occurrence, and morphology of Scirpus 
Taxonomy 
Scirpus is a widespread genus belonging to the Cyperaceae and consists of 
some 250 species (Koyama, 1962). The Scirpus lacustris complex occurs in 
North America and Eurasia (Koyama, 1962). In Europe it is represented by S. 
lacustris ssp. lacustris and S. lacustris ssp. tabernaemontani (Turin et al., 1980). 
The Scirpus marítimas complex occurs also in both North America and Eurasia, 
and it consists of a large number of taxa (Koyama, 1962). In Europe S. 
maritimus ssp. maritimus is the most important taxon (hereafter referred to as S. 
maritimus) (Tutin et al., 1980). Two varieties of S. maritimus have been 
described, namely S. maritimus var. maritimus and S. maritimus var. compactus. 
The former occurs in fresh and the latter, which can be recognized by the 
compactness of the inflorescence, (Reichgelt, 1956; Robertus-Koster, 1969; 
Norlindh, 1972) in brackish waters. According to Norlindh (1972) morphological 
differences between the two S. maritimus varieties are environmentally induced 
and have, therefore, no taxonomie value. In the present study no distinction 
between S. maritimus varieties was made. 
General occurrence and morphology 
The European Scirpus taxa can be found at the lakeward side of an emergent 
macrophyte vegetation, with Phragmites australis, and sometimes Typha 
angusti/olia, at the landward side (Zonneveld, 1960; Kotter, 1961; Hutchinson, 
1975; Dykyjová and Kvèt, 1978; Weisner et al., 1993). Scirpus lacustris ssp. 
lacustris only occurs in freshwater (Bakker, 1954). It is an amphibious taxon 
being able to thrive and flower both submerged and emergent (Bakker, 1954; 
Seidel, 1955; Haslam et al., 1975). In running water it may exhibit a submerged 
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growth form (Sculthorpe, 1967; Haslam et al., 1975), whereas in tidal and 
standing inland waters the emergent growth form prevails (Sculthorpe, 1967). No 
submerged growth form of Scirpus lacustris ssp. tabernaemontani exists (Bakker, 
1954). In The Netherlands, this subspecies seems to have its optimal distribution 
in brackish habitats, but also occurs in freshwater (Bakker, 1954). It can be 
found in less deep water than S. lacustris ssp. lacustris. Also S. maritimus has no 
submerged growth form. This species occurs in both fresh and brackish habitats. 
It is more tolerant to salt than S. lacustris but can be generally found in less deep 
water (Bakker, 1954; Hejny, 1960). 
The submerged growth form of S. lacustris ssp. lacustris develops a large 
number of long, floating leaves (Seidel, 1955; Weisner et al., 1993). The 
terrestrial growth form of both S. lacustris subspecies has round, flexible leafless 
stems. The subspecies are morphologically distinguishable on basis of both floral 
(colour of the glumes) and vegetative (number of leaves, and colour of the stems 
and rhizomes) characteristics (Bakker, 1954). Scirpus maritimus possesses stiff, 
triangular, leafy stems (Hutchinson, 1975; Tutin et al., 1980). Also the below-
ground organs differ considerably: S. lacustris forms a thick, compact rhizome-
system, whereas S. maritimus forms thin rhizomes, terminating in tubers from 
which an aerial shoot and roots may emerge. 
The life-cycle of Scirpus 
Sexual reproduction versus clonal expansion 
Like in most mono-dominant clonal species, seedling establishment has been 
rarely found within existing populations (McNaughton, 1975; Grace and Wetzel, 
1981b; Lieffers and Shay, 1982a; Eriksson, 1992). Besides the advantages of 
genetic recombination and the elimination of somatic mutations in clonal plants 
(Silander, 1985; Madsen, 1991), sexual reproduction may predominantly serve 
for long distance dispersal and long periods of dormancy, whereas vegetative 
expansion mainly serves for short-distance dispersal and overwintering 
(McNaughton, 1975; Grace and Wetzel, 1981b; Madsen, 1991; Barrett et al., 
1993). As a consequence existing populations would consist of the original 
founders and sexual recruitment would result in the establishment of new 
populations. 
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Seed production and dispersal 
In Northwestern Europe seeds are set in late summer. Seed production 
predominantly occurs in shoot cohorts initiated during the previous year and is 
positively correlated with the size of shoots (Seidel, 1955; Hejny, 1960; Lieffers 
and Shay, 1981). Scirpus taxa differ from Phragmites australis and Typha 
angusti/olia, which occur at the land side in the zonation, by the production of a 
relatively low number of seeds which are 50-100 times heavier than those of P. 
australis and T. angusti/olia (Hürlimann, 1951; Bakker, 1954; Seidel, 1955; 
Hejny, 1960; Haslam, 1973; Shipley et al, 1989). Seeds oí Scirpus are dispersed 
by water (Sculthorpe, 1967; Waisel, 1972; Lieffers and Shay, 1982a), whereas 
those of P. australis and T. angusti/olia are predominantly dispersed by wind 
(Ekstam and Weisner, 1991). In due time the seed-coat of Scirpus species 
weakens, so that seeds will imbibe water and sink (O'Neill, 1972; Dietert and 
Shontz, 1978). Floating seeds may either get washed along the shore-line and 
germinate or they may enter the seed bank when circumstances are unfavourable 
for immediate germination (Woodell, 1985; Baskin et al., 1989). 
Germination and seedling establishment 
Not much is known about the period of germination, seedüng emergence and 
seedling-establishment, i.e. sexual recruitment (Harper, 1977) of Scirpus. Like in 
other wetland plants, they probably have long-lived seeds (Haslam, 1973; Van 
der Valk and Davis, 1978; Baskin et al., 1989). Germination may be triggered 
by light and fluctuating temperatures with a high day-temperature as has been 
found in other macrophytes (Kadlec, 1962; Haslam, 1973; Dietert and Shontz, 
1978; Thompson and Grime, 1983; Grace, 1984; Galinato and Van der Valk, 
1986). These germination requirements ensure that germination only occurs in 
circumstances favourable for seedling establishment, e.g. along the drift line 
(Woodell, 1985) or from the seed bank in periods of exceptional drought when 
mudflats become exposed (Kadlec, 1962; Van der Valk and Davis, 1978; Grace, 
1984; Galinato and Van der Valk, 1986). However, in wetlands water levels can 
change unpredictably and even small changes may result in desiccation of leaves 
of seedlings during periods of drought or to submergence of young plants. 
Scirpus may show various morphological changes in order to ameliorate the 
adverse effects of a high C02 and 02-diffusion resistance under water. Like other 
terrestrial and amphibious species, Scirpus is unable to use HC03 as an 
alternative carbon-source (Boston et al., 1989; Bowes and Salvucci, 1989; Beer 
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et al, 1991) and, as a consequence, submerged photosynthetìc rates are low. 
Therefore, these species have to get access to aerial C0 2 (Madsen and Sand-
Jensen, 1991). This may be reached in two ways, by (i) the development of long, 
thin floating leaves, which takes place in many amphibious species (Sculthorpe, 
1967; Hutchinson, 1975; Nielsen, 1993), and (ii) the etiolation of leaves, petioles 
or stems in order to reach the water surface, which is called a "depth-
accommodation response" (Jackson, 1985; Ridge, 1987; Voesenek et al., 1993). 
A disadvantage of rigid morphological responses to submergence may be that 
these seedlings are vulnerable to desiccation once the water level drops (Sharma 
and Gopal, 1979; Ridge, 1987). 
The zonation of adult emergent macrophytes along a gradient in water depth 
may be due to different recruitment patterns of seedlings. In many emergent 
macrophytes, however, no such differences have been found (Keddy and Ellis, 
1985; Keddy and Constabel, 1986; Welling et al., 1988ab; Shipley and Parent, 
1991). Seedlings of Scirpus taxa may differ in their morphological responses to 
small changes in water level, as S. tocustris ssp. lacustris may form long, 
floating submerged leaves (Bakker, 1954; Seidel, 1955; Haslam et al., 1975), 
and S. lacustris ssp. tabernaemontani and S. maritimus do not. As has been 
shown in other taxa, differences in morphological plasticity may indicate 
adaptations to different habitats (Cook and Johnson, 1968; Ridge, 1987). 
In Chapter 3 and 4 germination, seedling emergence and -establishment of 
Scirpus taxa were investigated to assess under which range of environmental 
conditions they can be re-established from seeds in former tidal areas. Emphasis 
has been laid on the impact of hydrological conditions on the regeneration of 
these taxa. 
Vegetative expansion 
Generally, adults of emergent macrophytes occur in much deeper water than 
seedlings (Seidel, 1955; Haslam, 1971; McNaughton, 1975; Grace and Wetzel, 
1982; Weisner et al, 1993). In the case of seedlings establishing along the drift 
line this should be the result of clonal expansion that is mainly directed towards 
the lakeward site. While growing into deeper water the physical environmental 
stress will increase, because of the higher transport distance of aerial 0 2 to the 
below-ground plant parts and the relative smaller photosynthetic area above the 
water level (Yamasaki, 1984; Weisner, 1988). 
Scirpus, like other monodominant clonal plant species may exhibit a phalanx 
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clonal growth strategy (Lovett Doust, 1981), which features are: a low plasticity 
in clonal architecture but a high plasticity in ramet morphology and biomass 
allocation. Furthermore, in emergent macrophytes the size of ramets may 
increase with increasing size of the whole clone (Grace and Wetzel, 1982). The 
sequential production of increasingly larger ramets may be especially important 
when clonal expansion is into deeper water. This differentiation may be 
ontogenetically determined (Bradshaw, 1965) and therefore unaltered by water 
depth. 
In Chapter 5 the clonal growth strategy of S. maritimus was studied with 
special emphasis on the relative importance of plasticity and ontogenetic 
differentiation for the expansion into deeper water. 
Overwintering of vegetative propagules and spring growth 
Before the winter period the above-ground parts die-off. The survival of 
perennating organs (i.e. rhizomes and tubers) during the winter period and the 
subsequent emergence of shoots from the soil have been studied thoroughly (see 
Crawford, 1992 for a review). Scirpus are amongst the emergent macrophytes 
which are most tolerant of anaerobiosis due to a low rate of oxygen reserve 
depletion, large carbohydrate reserves, the metabolic conservation of reserves, 
and the ability to cope with products of anaerobic metabolism. In contrast, 
however, spring growth has almost been unexamined. The maximum water depth 
emergent macrophytes are able to emerge from, seems to depend on the amount 
of carbohydrates stored in the perennating organs (Spence, 1982; Grace, 1989) 
and the efficiency of metabolic processes (Jordan and Wigham, 1988; Granéli, 
1989). Scirpus shoots are able to emerge from the water, without any supply of 
0 2 via the overwintering dead shoots (Hejny, 1960; Dykyjová, 1986). As cell 
division does not take place in the absence of 02 , it can be assumed that 
submerged Scirpus zie able to take up at least some 0 2 from the water. Although 
it has been shown in other emergent macrophytes that underwater photosynthesis 
may provide the sprouting shoots with both 0 2 and photosynthates (Gaynard and 
Armstrong, 1987), it is unclear whether this also contributes to the length-growth 
of shoots (Grace and Wetzel, 1982; Breen et al., 1988). Therefore the 
importance of photosynthesis for submerged spring-growth was assessed in 
outdoor ponds, in which S. maritimus was grown at different light levels from 
tubers of different sizes (Chapter 6). 
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Population development 
Mature populations of clonal plant species have been described depending on 
their life phase composition. Three different life phases can be distinguished: (i) a 
juvenile phase, with ramets exploring bare ground, (ii) an optimal phase, with the 
highest ramet density and biomass and (iii) a senile phase, with a high amount of 
below-ground plant parts and a sparse ramet population (Watt, 1947; Caldwell, 
1957; Haslam, 1970; Noble et al, 1979). Ramets in the different life phases may 
be affected by different environmental factors. 
Juvenile phase - Growth in the juvenile phase, which is usually nearest to the 
open water, is mainly restricted by external factors (Hutchinson, 1975; Jupp and 
Spence, 1977; Odum, 1990). Clonal expansion into deeper water is directly as 
well as indirectly affected by wave action. Wave action may directly affect plant 
growth by damaging shoots and rhizomes. Indirectly it may cause turbidity of the 
water, thereby constraining underwater photosynthesis (Breen et al, 1988) and 
may cause differences in soil properties within lakes, like differences in particle 
size, organic matter content and oxidation-reduction processes (Jupp and Spence, 
1977; Weisner, 1987; Coops et al, 1991). 
Also waterfowl grazing may predominantly affect the outer zone of an 
emergent macrophyte belt (Lebret, 1970; Loosjes, 1974). Grazing may especially 
be a problem in areas used by overwintering or migratory geese, which forage on 
rhizomes and tubers (Smith and Odum, 1981; Loosjes, 1974; Cramp, 1977; 
Amat, 1986). During the growing season swans and geese may feed on shoots 
(Kvët and Hudec, 1971; Sukopp and Markstein, 1989). In deeper water plants 
may be especially vulnerable for grazing during the period following emergence, 
when the level of reserve-carbohydrates is low (Sale and Wetzel, 1983; 
Steinmann and Brandie, 1984ab; Crawford, 1992). 
The above mentioned external factors may also affect the artificial 
establishment of mature Scirpus plants. Therefore, during the RIZA-study field 
experiments were conducted to assess the effects of water depth, soil fertility and 
waterfowl grazing. In order to assess whether the expected shoot damage by 
wave action could be counteracted, shoots were supported using wire-netting and 
plants were planted in different densities (Chapter 2). Research into the possibly 
adverse effects of turbid water on shoot-growth has been combined with that into 
the importance of underwater photosynthesis for submerged spring-growth 
(Chapter 6). 
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Optimal phase - The marginally placed ramets in the juvenile phase may buffer 
ramets in the optimal phase from adverse external factors. In the optimal phase 
the ramets reach their highest density and production. The biology and especially 
the production ecology of vigorous mature Scirpus stands under different site 
conditions have been studied extensively by Seidel (1955), Hejny (1960), 
Dykyjová and Kvét (1978), and Dykyjová (1986). 
Senile phase - In the senile phase growth of clonal emergent macrophytes is 
mainly restricted by internal factors (Goodman and Williams, 1961; Buttery and 
Lambert, 1965; Breen et al, 1988; Odum, 1990). Most of the above-ground 
parts of Scirpus are washed away during the winter period. The below-ground 
parts, however, may accumulate, due to a low decomposition rate in anaerobic 
mud (Goodman and Williams, 1961; Ponnamperuma, 1972; Rowell, 1981). In 
non-tidal wetlands, where little or no sedimentation occurs, Scirpus may form 
new rhizomes or tubers directly on top of the old ones, so that plants become 
rooted in their own detritus. This may result in adverse growing conditions, like 
nutrient shortage, reduced soil penetrability and reduced soil conditions. Reduced 
soil conditions may lead to anaerobiosis in roots and to the release of toxic 
compounds during the mineralization of detritus (Seidel, 1955; Mendelssohn et 
ai, 1981; Barko and Smart, 1983, 1986; DeLaune et al, 1983; Mendelssohn and 
McKee, 1988; Lauridsen et al., 1993). 
In former tidal areas in The Netherlands ring-shape Scirpus stands exist with 
accumulated dead below-ground plant parts in the centre. In Chapter 7 it has 
been studied whether this ring-shape is due to adverse affects of the accumulated 
below-ground parts, and whether this is related to a shortage in nutrients, or to 
physical or chemical properties of the accumulated dead below-ground parts. 
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2. RESTORATION OF SCIRPUS LACUSTRIS AND SCIRPUS 
MARITIMUS STANDS IN A FORMER TIDAL AREA IN THE 
NETHERLANDS 
ABSTRACT 
After the damming of estuaries in The Netherlands, Scirpus lacustris and Scirpus 
maritimus stands strongly deteriorated due to the disappearance of the intertidal zone and the 
erosion of estuarine river banks. In order to investigate the possibilities for the restoration of 
Sci/più-wetlands, both species were planted at different sites in the Haringvliet, a former 
brackish estuary, now a large semi-stagnant freshwater body, as well as in the freshwater 
lake Drontermeer. Different experiments were conducted in the field to investigate the 
effects of soil fertility, water depth and waterfowl grazing on the establishment of both 
species. 
In the present study fertilization did not affect dry matter production of both species. 
Scirpus lacustris established well in both shallow (5 - 15 cm) and moderately deep (30 - 40 
cm) water, whereas S. maritimus only established well in shallow water. In the third year 
after planting S. lacustris had a maximum standing crop of 2200 g dry weight/m2 and S. 
maritimus of 1100 g dry weight/m2. Scirpus lacustris showed a lateral spreading rate of 20 
cm/year, irrespective of water depth, whereas that of S. maritimus was 70 cm/year in 
shallow, but only 8 cm/year in moderately deep water. 
A high plant density had a negative effect on the growth of individual S. lacustris plants 
at both 5 and 30 cm water depth. Scirpus maritimus was negatively affected by a high plant 
density at 5 cm water depth but not at 30 cm. Support of shoots, by wire-netting, increased 
total plant dry weight of S. lacustris but not of S. maritimus. 
Summer grazing occurred mainly by Mute swans (Cygnus olor). Especially during the 
first growing season planted Scirpus turned out to be very susceptible to grazing. The 
grazing during three subsequent growing seasons resulted in the complete disappearance of 
S. lacustris. In contrast, a three-year-old S. lacustris stand was able to recover after being 
grazed several times within one year. The effect of different grazing dates was simulated by 
mowing a three-year-old S. lacustris stand in shallow water. Only shoots which were not yet 
full-grown at the time of mowing showed a substantial length-growth after mowing. One 
third of the mown shoots was replaced by new shoots, irrespective of the time of mowing. 
It was concluded that in former tidal areas Scirpus can be re-established by planting. 
Waterfowl grazing may, however, seriously limit growth of Scirpus. 
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INTRODUCTION 
After the large flooding of the south-western part of The Netherlands in 1953, 
the so-called Delta-works were carried out. The Delta-works consisted of the 
heightening of dunes and dikes and the damming of the Rhine and Meuse 
estuaries. The closure of the Haringvliet in 1970, changed this brackish estuary 
(between 2.5 - 3 c/00 CI") with a mean tidal difference of 2 m, into a large semi-
stagnant freshwater lake (< 0.3 "/¡¡с Cl") with a small mean pseudo-tidal 
difference of 30 cm (Kuijpers, 1976; Ferguson and Wolff, 1984). This small tidal 
difference originates from the congestion of freshwater in the tidal river Nieuwe 
Waterweg, which is connected with the Haringvliet via the rivers Spui and 
Dordtse Kil (Fig. 1A). Now sluices in the Haringvliet dam regulate the discharge 
of water into the North sea. Large deviations from the mean tidal difference 
occur due to winds, fluctuation in the discharge of river water and the opening 
regime of the sluices. 
The reduction of the tidal difference resulted in considerable hydrological 
changes: (i) Reduced sedimentation, which now takes place in the river-channel 
instead of on the mud flats, (ii) Strong reduction in the size of the intertidal mud 
flats. The lower parts became permanently inundated, whereas at the higher parts 
a quick ripening of soils occurred, (iii) Erosion of riverbanks, caused by the 
concentration of wave action. This erosion amounted up to 10 to 15 metres 
annually shortly after the closure (Ferguson and Wolff, 1984). 
Before the closure of the Haringvliet, this estuary was characterized by 
extensive mud flats and large areas of brackish wetlands with stands of Scirpus 
lacustris ssp. tabernaemontani, S. maritimus and Phragmites australis. The fore-
mentioned hydrological changes were accompanied by the almost complete 
disappearance of the Scirpus dominated wetlands (Ferguson and Wolff, 1984). 
The total area occupied by Scirpus decreased from с 500 ha before the start of 
the Delta-project to less than 1 ha in 1988 (Ouweneel, 1974; Smit and Coops, 
1991). 
In the 80s the Dutch Ministry of Transport and Public Works became aware of 
the disappearance of important nature values along with the erosion of the shore­
line and the deterioration of Scirpus stands (Kuijpers, 1985; Smit and Coops, 
1991). This awareness resulted in the protection of eroding river banks by 
building breakwaters in the water at some distance parallel to the shore, thus 
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creating shallow, sheltered fore-shores (Kuijpers, 1985; Admiraal et al., 1993). 
In 1986, a project was initiated by the Institute for Inland Water Management 
and Waste Water treatment (RIZA) to re-establish Scirpus at sites, that were not 
subjected to erosion any more. The major aims of this project were to assess (i) 
which factors adversely affect the re-establishment of Scirpus, and (ii) which 
species is the most suitable to be re-introduced by vegetative plant material. In 
this paper the results of different field experiments will be presented. 
Figure 1. The location of the different rivers, lakes and experimental sites. (A) l=Beninger 
Slikken, 2=Ventjagersplaten (В) 3=Drontermeer. (Arrows indicate barrier dams across the 
former Zuiderzee, now IJsselmeer, and across the Haringvliet). 
21 
Chapter 2 
After the closure, the Haringvliet changed into a large semi-stagnant 
freshwater body, which features are comparable to those of large freshwater lakes 
(Ferguson and Wolff, 1984). The occurrence and distribution of emergent 
macrophytes in lakes are mainly determined by lake morphology, water depth 
and wave exposure (Hutchinson, 1975; Jupp and Spence, 1977; Wilson and 
Keddy, 1985). These factors also affect the soil particle size distribution within 
lakes, thereby causing differences in soil fertility. At sheltered sites organic 
matter content is usually higher and soil particle size smaller than at exposed sites 
(Jupp and Spence, 1977; Wilson and Keddy, 1985; Coops et al., 1991), resulting 
in a higher soil fertility, and, consequently, a higher biomass production of 
emergent macrophytes (Szczepanska and Szczepanski, 1976; Coops et al., 1991). 
On the other hand, soils with a high organic matter content and small particle 
size may be strongly reduced. In reduced soils, plants may suffer from 
inadequate 02-supply to below-ground parts, which may decrease the maximum 
water depth at which emergent macrophytes occur (Weisner and Granéli, 1989; 
Weisner, 1991). 
Besides the above-mentioned abiotic factors, the grazing by waterfowl, 
especially geese and swans can be an important factor determining the occurrence 
of emergent macrophytes (Loosjes, 1974; Amat, 1986; Ostendorp, 1989). Geese 
forage on rhizomes and tubers during wintertime, whereas both geese and swans 
are feeding on shoots during summertime (Kvët and Hudec, 1971; Cramp, 1977; 
Amat, 1986; Giroux and Bédard, 1987; Sukopp and Markstein, 1989). The 
Haringvliet is one of the major migratory routes of Greylag geese (Anser anser), 
and an increasing number spends the moulting period in the Haringvliet 
(Meininger et al, 1984). Before the start of the Delta-project no overgrazing by 
geese was apparent in the Haringvliet, but afterwards, the grazing-pressure 
increasingly exceeded the carrying-capacity of the deteriorating Scirpus-stands 
(Loosjes, 1974; Kuijpers, 1976). In the former brackish Haringvliet no Mute 
swans were present. Nowadays they can be found in increasing numbers during 
summertime (Meininger et al., 1984). Thus, water depth, wave action, soil 
fertility and waterfowl grazing might be important factors affecting the growth of 
planted Scirpus in the Haringvliet. 
Before the closure of the brackish Haringvliet S. lacustrìs ssp. tabernae-
montani occurred at the lower parts next to S. maritimus which occurred at the 
higher parts of mud-flats (Kuijpers, 1976). Because the brackish estuary was 
changed into a large freshwater body, S. lacustrìs ssp. lacustrìs was used in the 
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present study, as it is known that in freshwater this subspecies is able to tolerate 
larger water depths (Bakker, 19S4). The other species used in this study S. 
maritimus, which occurs in both brackish- and freshwaters, was used because 
mature stands have been found to show a high resistance to wave action 
(Zonneveld, 1960; Kotter, 1961). 
The establishment of plantings of both species was followed at two sites in the 
Haringvliet, which differed in wave exposure and water depth, as well as at a 
control site in a stagnant freshwater lake. In order to assess whether nutrient-
supply stimulated growth of Scirpus, part of the plots was fertilized. A second 
experiment was conducted to assess whether a high plant density and the support 
of shoots may counteract the destruction of shoots by wave action shortly after 
planting. Additionally, three experiments were conducted to study the effects of 
waterfowl grazing on new (directly after planting) and established (three-year-old) 
Scirpus stands. 
MATERIAL AND METHODS 
Nomenclature 
The nomenclature follows Tutin et al. (1980), i.e. Scirpus lacustris L. ssp. 
lacustris (synonymous with Schoenoplectus lacustris (L.) Palla), S. lacustris L. 
ssp. tabernaemontani (C.C. Gmelin) Syme (synonymous with S. glaucus Sm., 
non Lam., S. tabernaemontani C.C. Gmelin and Schoenoplectus tabernaemontani 
(C.C. Gmelin) Palla) and S. maritimus L. (synonymous with Bolboschoenus 
marianus (L.) Palla). 
Site description 
In the Haringvliet two sites were chosen, Beninger Slikken and 
Ventjagersplaten (Fig. 1A). At Beninger Slikken с. 67 ha S. lacustris ssp. 
tabernaemontani and с 34 ha S. maritimus were present before the closure of the 
Haringvliet. After the closure, Scirpus stands started to degenerate and in 
combination with the increasing impact of overgrazing by geese Scirpus 
disappeared almost completely in a period of five years (Kuijpers, 1976). 
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Experiments were conducted at a protected fore-shore at a distance of 300 m 
behind breakwaters. Interstices between the breakwaters allow a considerable 
exchange of water. At Venrjagersplaten, S. lacustris ssp. tabemaemontani and S. 
maritimus have been planted for land reclamation in the 30s and 40s (Van Veen, 
1953). Until 1959, when a dam was built across the Venrjagersplaten, с 100 ha 
Scirpus was present. At the southern side Scirpus probably disappeared due to a 
too high sedimentation rate, whereas at the north side erosion occurred and the 
remaining stand was overgrazed by Greylag geese (Lebret, 1964; Zwarts, 1972). 
Nowadays, at the northern side only a small zone of S. maritimus is present 
between the open water and a Phragmites australis belt. Experiments were 
conducted at the northern side. For comparison a third site was chosen at 
Drontermeer, a stagnant freshwater lake between the old land and the newly 
reclaimed polders in the former Zuiderzee, now called IJsselmeer (Fig. IB). In 
this lake plantings of S. lacustris ssp. lacustris recently have been established 
successfully for commercial reasons. Old natural populations of S. lacustris ssp. 
tabemaemontani and S. maritimus, probably remnants of populations founded 
along the shore directly after closure of Zuiderzee are still present (De Beaufort, 
1954). The different abiotic site conditions are given in Table 1. 
Growth at different sites 
In this experiment the growth of S. lacustris ssp. lacustris, hereafter referred 
to as S. lacustris, and S. maritimus was followed at different sites in fertilized 
and non-fertilized plots. In 1987 both species were planted at Beninger Slikken, 
Venrjagersplaten and Drontermeer under the conditions described in Table 1. 
Because it was not possible to obtain S. maritimus in large quantities from 
freshwater areas without damaging the stands considerably, this species was 
obtained from Lauwersmeer, a former brackish estuary, since 1967 a freshwater 
lake in the north of The Netherlands. In April 1987 tubers (4.3 ± 0.8 g dry 
weight (n=8)) with shoots shorter than 6 cm were collected and planted at 
Beninger Slikken and Venrjagersplaten. As it was assumed that the short shoots 
of the plants collected in April were unable to survive under water in the stagnant 
Drontermeer, here plant material with shoots of 40 cm were used and planted in 
May 1987. Because no large natural S. lacustris stands were available, plants 
with rhizomes (12.4 g + 0.5 dry weight (n=8)) of this species were obtained 
from a commercially exploited bulrush stand (near the mouth of the river IJssel 
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(Fig. 1) and planted in May 1987 at all three sites. Shoots had a length of с 60 
cm. 
Table 1. Site description: elevation of the experimental sites (NAP=Dutch Ordinance 
Level), mean water depth and tidal difference in parenthesis during the study period. Fetch: 
average distance in m of open water measured perpendicular to the shore and 45° either side 
of perpendicular to the shore (,) measured up to the breakwaters at Beninger Slikken. 
Maximal wave height: measured at wind speed 10 (according to Bretschneider formula) at 
normal and at extremely high tides (in parenthesis) w data of Rijkswaterstaat (1991). Both 
north- and southwestern winds are prevailing. Chemical and physical soil characteristics of 
soil cores were taken between 0 and 20 cm depth in each permanent quadrat, prior to 
planting in April 1987 (n=32). 
Site Ventjagersplaten Beninger Slikken Drontenneer 
Water depth and exposure 
Elevation 
Water depth 
Location 
Fetch 
Maximal wave height 
Soil characteristics 
Organic matter (%) 
% of particle size < 16μ 
pH-H20 
CaCO, (%) 
total N (mg/100g) 
total Ρ (mg/100g) 
СГ (mg/100g) 
K+ (meq/100g) 
Naf (meq/100g) 
Mg2+ (meq/100g) 
Ca2+ (meq/100g) 
electrical 
conductivity QiS/cm) 
25 
40 cm +NAP 
14 (35) 
South-shore 
4800m 
20(100) 
15 cm +NAP 
39(35) 
North-shore 
340 m' 
25 (100)" 
16 cm +NAP 
38 cm 
East-shore 
1300 m 
35 cm 
1.0 
4.3 
8.3 
6.8 
34 
30 
7 
0.14 
0.52 
1.09 
26.3 
248 
2.1 
13.4 
8.1 
10.5 
70 
38 
17 
0.41 
1.04 
2.43 
32.9 
446 
1.3 
4.5 
7.7 
1.4 
59 
9 
7 
0.14 
0.38 
0.99 
15.1 
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Both species were planted in a density of 12 plants per m2. At Beninger 
Slikken each species was planted in 16 plots of 4 χ 1.5 m2 each. The 
experimental field consisted of 32 plots in 4 rows with 8 plots parallel to the 
shore-line slope. At Ventjagersplaten and Drontermeer each species was planted 
in 4 plots of 5 χ 5 m2. The experimental field consisted of 8 plots in 2 rows of 4 
plots parallel to the shore-line slope. At all sites half of the plots was fertilized 
using pellets of 7.5 g/plant of a slow release fertilizer (Osmocote 17-1.6-8.7 
NPK, 9 month active at 21 °C). The pellets were brought into the sediment 
together with the plants. After the first signs of grazing by waterfowl at 
Ventjagersplaten all plantings were fenced-off using wire-netting with a mesh-
width of 12 cm and height of 1.2 m. 
Growth of Scirpus was followed in standard permanent quadrates (PQ's) of 1 
m
2
 lying at least 25 cm from the edge of the plots. Each of the 32 small plots at 
Beninger Slikken contained 1 PQ, and each of the 8 large plots at Ventjagers-
platen and Drontermeer was subdivided in 4 square subplots with 1 PQ per 
subplot. For a period of three years growth was assessed in May as a measure of 
spring-growth and in July-August as a measure of the maximum standing crop. A 
semi-destructive method was used (Ondok and Kvët, 1978). In each of the PQ's 
the total number of shoots and the length of maximally 100 shoots were 
determined. In the latter case the PQ's were subdivided in four squares, in which 
shoots were measured per square up to maximally 100. Each time 25 shoots per 
species and treatment were simultaneously harvested outside the PQ's. These 
shoots were used to calculate log-linear relationships between length and dry 
weight of shoots. Separate regression equations were calculated for intact, and 
broken or grazed shoots, respectively. 
Plant density and shoot support 
In this experiment it was assessed whether at a site exposed to waves, shoot 
damage could be counteracted by a high plant density and/or mechanical support 
of shoots. In May 1989, S. lacustris and S. maritimus were planted at 
Ventjagersplaten. Scirpus lacustris was obtained from a commercial stand along 
the freshwater tidal river Oude Maas (rhizome weight of 10.8 g ± 1.6, length 
longest shoot of 60.7 cm ± 4.7 and number of shoots of 5.3 ± 0.6 (mean + s.e. 
n=15)). Scirpus maritimus was collected from the Kwade Hoek, a salt marsh at 
the outer site of the mouth of the Haringvliet (Fig. 1) (tubers of 5.2 g ± 0.9, 
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length longest shoot of 68.8 ± 3.0 and number of shoots of 2.3 ± 0.3 (n=15)). 
Scirpus was planted in two rows parallel to the shore-line slope at 40 and IS 
cm
 +NAP (Dutch Ordinance Level), with a back-calculated mean water depth of 
5 and 30 cm. The rows were placed so that no mutual interference could occur. 
Each row contained 48 plots of 2 χ 2 m2 each, placed 2 m apart. The relatively 
large S. lacustris plants were planted at a density of 2, 4 or 12 plants per m2 and 
S. maritimus at a density of 4, 12 and 20 plants per m2. In half of the plots wire 
netting (mesh width 12 cm), was placed in rows 50 cm apart parallel to the 
shore-line slope to support shoots. PQ's of 1 m2 were laid-out in the middle of 
each plot. To protect the experiment from waterfowl, all plantings were fenced-
off using wire-netting with mesh-width of 12 cm. Within the first two weeks after 
planting, plants which had been washed away were replaced. 
By the end of July 1989, large algal mats developed, due to a prolonged 
period of exceptionally high temperatures and predominantly northern winds. As 
this threatened to destroy the Scirpus plantings, we terminated the experiment 
prematurely at that time. Shoot-growth was determined semi-destructively as 
described before. Rhizomes of S. lacustris and rhizomes and tubers of S. 
maritimus were harvested. Rhizomes of S. lacustris and tubers of S. maritimus 
were separated into the old, originally planted material, recognizable by the black 
colour, and the newly formed material, recognizable by the reddish to white 
colour. The lengths and dry weights of both old and new rhizomes of S. lacustris 
and new rhizomes of S. maritimus as well as the numbers and dry weights of S. 
maritimus tubers were determined. Dry weights were determined after drying at 
70°C until constant weight. The specific rhizome weight (rhizome dry weight 
divided by length) was calculated as a measure for rhizome thickness. 
Waterfowl grazing 
At Beninger Slikken waterfowl grazing was followed in a newly planted stand, 
and in a three-year-old, previously fenced-off stand. Furthermore shoot grazing at 
different dates was simulated by mowing the three-year-old fenced-off Scirpus 
stand at Ventjagersplaten. 
In 1987, both S. lacustris and S. maritimus were planted at Beninger Slikken 
under similar conditions and using similar plant material as described for the site 
comparison experiment (Table 1). The plants were planted in 12 plots of 2 χ 8 
m
2
 each, using 12 plants per m2. The plots were placed in a row with the short 
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side running parallel to the shore-line slope. Directly after planting half of the S. 
marítimas plots were covered with small-mesh wire netting (mesh width of 2 cm) 
to prevent grazing of below-ground parts. As S. lacustris already formed emerg-
ing shoots at the time of planting, these plots were not covered with wire-netting 
until October 1987. In each of the plots, two PQ's, one at either side were laid-
out. During three years shoot-growth was assessed as described before. 
In 1990, the at that time three-year-old and previously fenced-off S. lacustris 
stand at Beninger Slikken was used to examine the effects of different frequencies 
of waterfowl grazing on shoot growth. As S. maritimus grew poorly at this site, 
no further experiments were done with this species. After the whole stand was 
lightly grazed by waterfowl in March 1990, half of the plots was fenced-off using 
wire-netting with a mesh-width of 12 cm. Another quarter of the plots was 
fenced-off after a second grazing event, whereas the remaining plots remained 
unfenced until the end of the growing season. The formerly fertilized and non-
fertilized plots were assigned proportionally to the different grazing events. At 
the end of the growing season the whole Scirpus-stand was fenced-off, so that in 
1991 no additional grazing occurred. Growth of shoots was assessed monthly 
between May and September 1990 and in May and July 1991 as described 
before. 
In 1990, the three-year-old, fenced-off S. lacustris stand at Ventjagersplaten 
was also used in further experiments. Scirpus maritimus could not be used, as in 
the winter of 1989-1990 waterfowl grazed on its tubers. The effects of grazing 
date were simulated by mowing S. lacustris once in May, June or July 1990. 
Unmown subplots were used as a control. Mowing date was assigned randomly 
to the subplots of each 5 χ 5 m2 plot. Shoots were mown at a height of 20 cm 
above the soil level. Between May and September 1990 growth of shoots was 
assessed monthly, and in 1991 in May and August. In 1990 growth of intact and 
mown shoots was determined separately. 
Statistical analyses 
Shoot dry weight - Data on length and dry weight of shoots from the different 
sites and of fertilized and unfertilized plots were pooled when statistical 
comparison revealed that regression lines were not significantly different. 
Growth at different sites - Because of the different experimental designs and 
differences in homogeneity between species, statistical analyses on the effects of 
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fertilization were conducted for each site and species separately. At Beninger 
Slikken the experiment was analyzed according to a Latin Square design. At 
Ventjagersplaten and Drontermeer the experiments were analyzed according to a 
randomized block design with two blocks, each consisting of a fertilized and non-
fertilized plot. The four PQ's were nested within each plot. Growth parameters 
were never significantly affected by the position of the PQ's (data not shown). 
Therefore, sites were compared by considering all three experiments as 
completely randomized designs, with factors sites(3) and fertilization^), using 8 
replicates. Significant differences between means were calculated using the Least 
Significant Difference (LSD) procedure (Sokal and Rohlf, 1981). 
Plant density and shoot support - At each water depth, species(2), plant 
density(3) and the support of shoots(2) were randomized within four blocks with 
one replicate per block. The experiment was analyzed according to a randomized 
block design with blocks nested within water depths. 
Waterfowl grazing - No statistics were applied studying waterfowl grazing in the 
newly planted S. lacustris stand at Beninger Slikken. The experiment with the 
three-year-old S. lacustris stand at Beninger Slikken was analyzed according to a 
completely randomized design with four replicates per grazing frequency. Half of 
the eight plots that were only grazed once, were omitted from the analysis, 
because shoots were destroyed by Coot (Fúlica atra) nests. The experiment with 
the three-year-old S. lacustris stand at Ventjagersplaten was analyzed according 
to a randomized block design with time of mowing randomized within the four 
blocks. 
RESULTS 
Growth at different sites 
Fertilization had no significant effect on the number and dry weight of shoots 
(data not shown). Therefore, the results of fertilized and non fertilized plots were 
pooled. In August 1987, both the number and dry weight of S. lacustris shoots 
were lowest at Ventiagersplaten and highest at Drontermeer. Beninger Slikken 
was intermediate (Fig. 2). In May 1988, the number and dry weight of shoots 
were highest in Drontermeer, and in May 1989 at Ventiagersplaten. In summer 
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1988 and 1989, the number of shoots did not differ between sites, but shoot dry 
weight was higher at Drontermeer than at the other two sites. The lateral spread 
was low at all sites (Table 2). Scirpus maritimus showed a different response. 
After the light grazing at Ventjagersplaten in June 1987, this species recovered 
quickly at this site (Fig. 2). Both the number and dry weight of shoots were low 
at Beninger Slikken and Drontermeer. At Drontermeer most tubers of this species 
were uprooted by Muskrats {Ondeara zibethicus) in 1989. In line with the vigour 
of the stands, lateral spreading of S. maritimus was high at Ventjagersplaten, but 
low at Beninger Slikken and Drontermeer (Table 2). 
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Figure 2. Mean numbers and dry weights of S. lacustris and S. maritimus shoots at different 
census dates. Data of fertilized and unfertilized plots were pooled (n= 16). Per census date 
significant differences are indicated by different letters (P < 0.05). The site at Ventjagers­
platen was grazed in spring 1987. (*) In Drontermeer S. maritimus tubers were uprooted 
by muskrats in the winter of 1988-1989. 
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Table 2. Lateral spreading (cm) of S. lacustris and S. maritimus outside the plots between 
May 1987 and July 1989. The minima and maxima are given in parenthesis. In 1989 no data 
of Drontermeer are available. 
Site 
S. lacustris 
Ventjagersplaten 
Beninger Slikken 
Drontermeer 
S. maritimus 
Ventjagersplaten 
Beninger Slikken 
Drontermeer 
May 
mean 
46 
51 
53 
213 
29 
19 
'87 - July '88 
(min-max) 
( 7 - 9 5 ) 
(10- 91) 
( 1 - 85) 
(70 - 335) 
( 0 - 156) 
( 0 - 50) 
η 
28 
48 
30 
12 
48 
21 
Ma) 
mean 
66 
52 
-
372 
27 
-
г '87 - July '89 
(min-max) 
(-18 - 156) 
( 15 - 85) . 
-
( 62 - 553) 
(-20 - 100) 
-
η 
60 
48 
60 
48 
Plant density and shoot support 
Because we were especially interested to know whether a high plant density 
and support of shoots could counteract shoot damage by wave action most growth 
characteristics were calculated per plant. The impact of water depth, plant density 
and support of shoots differed considerably between S. lacustris and S. maritimus 
(Table 3). Water depth had no effect on total (here shoot and rhizome) dry 
weight of S. lacustris, but length and dry weight of rhizomes were larger at 5 
than at 30 cm water depth (Table 3; Fig. 3). With increasing plant density the 
total dry weight, number of shoots and length of rhizomes per plant decreased 
(Table 3; Fig. 3). The support of shoots increased the total and shoot dry weight 
of S. lacustris. It also resulted in the production of heavier shoots and rhizomes, 
being most pronounced at a plant density of 12 plants per m2 and 5 cm water 
depth (Table 3; Fig. 3). 
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Figure 3. Means of different growth characteristics of S. lacustris, planted in densities of 2, 
4 or 12 plants/m2, with or without the support of shoots, using wire-netting. Plants were 
grown at (L) 5 cm or (H) 30 cm water depth (n=4). Per water depth significant differences 
are indicated with different letters (P < 0.05). 
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Figure 4. Means of different growth characteristics of S. maritimus, planted in densities of 
4, 12 or 20 plants/m2, with or without the support of shoots, using wire-netting. Plants were 
grown at (L) 5 cm or (H) 30 cm water depth (n=4). Per water depth significant differences 
are indicated with different letters (P < 0.05). 
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In contrast to 5. lacustris, the growth of S. marítimas was strongly reduced at 
30 compared to 5 cm water depth (Table 3; Fig. 4). Plant density had no effect 
on total and shoot dry weight per plant, but increased dry weight per shoot and 
per tuber irrespective of water depth (Table 3; Fig. 4). With increasing plant 
density the species produced less shoots and tubers at 5 cm water depth, whereas 
no density effects were apparent at 30 cm water depth. Support of shoots tended 
to increase dry weight of shoots (P=0.056) and significantly increased dry 
weight per shoot (Table 3; Fig. 4). 
Waterfowl grazing 
At Beninger Slikken growth of newly planted S. lacustris in the grazing 
experiment was compared with that of the unfertilized plots of the fertilization 
experiment (Fig. 5). Scirpus lacustris shoots were grazed in July 1987 and in 
spring 1988 and 1989. Already after the first growing season growth of grazed S. 
lacustris was strongly reduced. The protection of rhizomes by wire-netting had a 
clearly positive effect on growth of this species. Because S. maritimus established 
poorly, no results of this species are given. 
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Figure 5. Means (± s.e.) of numbers and dry weights of S. lacustris shoots grown either 
totally protected (unfertilized plots of the site comparison experiment; n=8), rhizomes 
protected or no protection (n=6) against waterfowl at Beninger Slikken. 
Waterfowl foraged only on shoots of the three-year-old S. lacustris stand at 
Beninger Slikken. Grazing before May 1990 did not significantly change the 
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number and dry weight of shoots in August 1990 compared to those in August 
1989 (P > 0.0S). Unprotected shoots were grazed during a second period in June 
and a third period in July 1990. The second grazing period reduced both the 
number and dry matter of shoots strongly, whereas the third period had only a 
small additional impact (Fig. 6A). In spring 1991, regrowth was slower of shoots 
grazed during two or three periods compared with shoots grazed only during one 
period. At the end of that growing season, no growth differences were apparent 
any more. 
In 1990, the mowing date had a large impact on the maximum standing crop 
after mowing of the three-year-old S. lacustris stand at Ventjagersplaten (Fig. 
6B). The negative effect of late mowing was mainly due to poor re-growth of cut 
shoots. The number of new shoots did not differ largely between mowing 
regimes, but new shoots were able to grow taller when mowing occurred earlier 
(Table 4). In August 1991, plants mown in May and June 1990, in contrast to 
those mown in July 1990 did not show a reduced maximum standing crop 
compared to unmown plants (P > 0.05). 
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Figure 6. (A) Means of numbers and dry weights of S. lacustris shoots of a three-year-old 
stand at the Beninger Slikken as affected by different periods (1, 2 or 3 periods) of 
waterfowl grazing in 1990 (n=4). Arrows approximately indicate different grazing periods. 
(B) Means of numbers and dry weights of S. lacustris shoots of a three-year-old stand at the 
Ventjagersplaten as affected by the different dates of mowing in 1990 (n=4). 
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Table 4. The number of shoots (No./m2), total dry weight of shoots 
(g/m2) and the length of shoots (cm) as affected by the time of 
mowing of a three-year-old S. lacustris stand at Ventjagersplaten in 
1990, determined in August 1990. Data of regrowth of mown 
shoots and new shoots are given. Significant differences are indi-
cated by different letters (P < 0.05 (n=4)). 
Moving time 
Regrowth mown shoots 
Unmown 
May 
June 
July 
New shoots 
Unmown 
May 
June 
July 
Number' 
-
201c 
71b 
Sa 
333 b 
90 a 
101a 
81 a 
Dry weigh!? 
-
456 c 
94 b 
6 a 
1794 b 
413 a 
275 a 
188 a 
Length' 
-
137 c 
83 b 
77 b 
169 b 
161b 
128 a 
115 a 
1
 after sqrt-transformation; 2 after In-transformation 
DISCUSSION 
Abiotic factors 
At the chosen sites S. lacustris established very well, resulting in high 
densities and dry weights of shoots, being comparable to vigorous natural 
populations (Dykyjová and Kvët, 1978; Smit and Coops, 1991). Although this 
species was not planted at water depths (up to 1.5 m) which may constrain 
growth in The Netherlands (Bakker, 1954), the elastic, leafless stems makes it 
very suitable to grow in deep water at exposed sites (Hutchinson, 1975). 
At low water depths ( 5 - 1 5 cm) planted 5. maritimus was also able to grow 
well, and in the third growing season shoot density and dry matter production 
were comparable to those of other vigorous S. maritimus stands (Lieffers and 
Shay, 1982b; Dykyjová, 1986). At moderate water depths (30 - 40 cm) the 
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establishment of S. maritimus was poor, although established stands in The 
Netherlands have been found in water as deep as 60 cm (Bakker, 1954; 
Reichgelt, 1956). Directly after planting S. maritimus seemed to be susceptible to 
wave action, because in this period plants were not yet solidly rooted and as a 
consequence the stiff, triangular, leafy stems toppled over easily, so that leaves 
started to float or became submerged (O.A. Clevering personal observations). We 
tried to assess the effects of wave action by planting Scirpus behind an osiered 
dam. However, algal mats developed behind the dam, probably due to the low 
water movement and -exchange. At high water these mats were washed into the 
stands, thereby damaging the shoots, with a reduction in shoot dry weight of 33% 
in S. lacustris and 41% in S. maritimus (Clevering and Van Gulik, 1990). 
Generally, algal mats may have a large impact on the outer zone of an emergent 
macrophyte belt (Ostendorp, 1992). Therefore, the creation of very sheltered 
sites may be detrimental to the establishment of emergent macrophytes. 
According to Zonneveld (1960) the high tolerance of natural stands of S. 
maritimus to mechanical damage by wave action is due to a mutual support of 
shoots. However, both the support of shoots and a high plant density did not 
result in pronounced better establishment of S. maritimus. Due to the relatively 
wide spacing of the wire-netting, S. maritimus shoots still toppled over in 30 to 
40 cm deep water (O.A. Clevering personal observations), whereas a density of 
20 plants/m2 was probably not high enough to absorb wave energy considerably. 
Therefore, at exposed sites S. maritimus should only be planted at low water 
depths. In due time the species may reach deeper water by vegetative expansion 
(Chapter 5). 
Generally, in conformity with the present study, emergent macrophytes 
respond to increasing water depths by increasing their shoot-lengths, here 
reflected in an increase in dry weight per shoot, and in their above- to below-
ground ratio, while decreasing tillering (Seidel, 1955; Lieffers and Shay, 1981; 
Grace, 1989; Chapter 5). The size of rhizomes and tubers are strongly 
ontogenetically determined and positively related to the degree of tillering and 
thus with clone size (Lieffers and Shay, 1982a; Grace, 1989; Chapter 5). The 
direct effects of water depth on rhizomes and tubers are unclear, in S. maritimus 
it does not affect tuber weight (Chapter 5), in S. lacustris, it may increase 
rhizome size, as has been shown for Typha domingensis (Grace, 1989). At high 
plant densities intraspecific competition occurred, resulting in heavier (longer) 
shoots, rhizomes and tubers, whereas tillering was reduced. It may be expected 
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that physiological integration of shoots regulated the birth of new shoots and 
suppressed rhizome-initiation (Pitelka and Ashmun, 1985; Нага et al, 1993). 
It is unlikely that differences in soil fertility caused the differences in dry 
matter production of S. lacustris between sites. These differences, originating 
from differences in shoot lengths, could not be related to differences in soil 
nutrients, particle sizes and organic matter content, and fertilization did not alter 
growth differences between sites. Moreover, growth of seedlings did not differ 
when grown in sediment from these sites in a greenhouse experiment (Clevering 
and Van Gulik, 1990). Also differences in redox conditions of the sediments were 
probably small, since all sites had a low organic matter and silt content. It is 
most likely that differences in shoot lengths are due to differences in exposure to 
wind or waves or to differences in hydrological conditions. 
Waterfowl grazing 
Frequent grazing by waterfowl had a large impact on growth of newly planted 
S. lacustris. Scirpus lacustris may be especially vulnerable directly after planting, 
since reserve-carbohydrates have firstly been used for spring-sprouting and 
thereafter for establishment after planting. It has been shown that Scirpus 
lacustris is unable to recover once reserve-carbohydrates have been depleted 
(Steinmann and Brandie, 1984a). In contrast, the three-year-old S. lacustris stand 
recovered well, even after three times grazing during one year. At Beninger 
Slikken with a mean water depth of almost 40 cm reserve-carbohydrates were 
probably only partly used during spring-emergence. Furthermore, shoots were 
grazed above the mean water level, leaving the transport of oxygen to the 
rhizomes intact. After 1991, prolonged grazing at this site and at 
Ventjagersplaten caused, however, the totally disappearance of the stands (O.A. 
Clevering, personal observations). Therefore continuous grazing is a serious 
impediment for the restoration of Scirpus stands. 
During wintertime no rhizome grazing took place at Beninger Slikken, 
although it is known that both Greylag geese and Mute swans may grab for 
rhizomes in water less than 30 cm deep (Lebret, 1970; Loosjes, 1974; Cramp, 
1977). Probably, recently planted rhizomes of S. lacustris were pulled loose 
during shoot grazing, which explains the lower dry matter production of the 
totally unprotected plots than that of rhizome-protected plots. In established S. 
lacustris stands rhizomes are much more difficult to be up-rooted, due to the 
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compactness of the rhizome-system. 
Both the mowing experiment at Ventjagersplaten and the grazing experiment at 
Beninger Slikken showed that the removal of shoots at a height of 20 to 30 cm , 
above soil level did not stimulate the production of a large number of new S. 
lacustrìs shoots as has been shown in Calamagrostis canadensis (Hogg and 
Lieffers, 1991) and P. australis (Van der Toorn and Mook, 1982). Thus apical 
meristems were probably not damaged in S. lacustrìs, and shoots which were not 
yet full-grown, continued to grow until they otherwise would have reached their 
final length. 
Prospects for the artificial establishment of Scirpus 
If Scirpus is planted for the restoration of bank vegetation or for the 
purification of waste-water both species can be established successfully. The use 
of Scirpus for the protection of eroding river banks may have a limited value, as 
long as the species has not yet formed a dense rhizome system (Coops et al., 
1991). At moderately eroding sites Scirpus may protect the shore-line if the 
species is planted lower than the toe of the vertical slope of the shore (Sharp et 
ai, 1978) or in combination with the use of geotextiles (Petts, 1990). No 
research, however, has been conducted concerning the maximum wave-attack 
dense Scirpus stands are able to tolerate at eroding sites. 
At sites where a high grazing pressure is expected, stands have to be fenced-
off, at least during the first year. The landing of waterfowl into stands can be 
avoided by stretching wire or rope over the fields. Before the closure of the 
Haringvliet only rhizome grazing occurred. At that time the size of Scirpus stands 
and the number of geese foraging on Scirpus seemed to be in balance. Loosjes 
(1974) calculated that 200 geese/ha may forage on S. maritimus without 
overgrazing, provided,, that each remaining tuber produced 40 new tubers. 
Loosjes (1974) stated that a low grazing pressure may be beneficial to Scirpus, 
because it will counteract the accumulation of below-ground plant parts. As has 
been shown in this study, shoot grazing may have a large impact as well. 
Therefore, whether it is feasible to restore Scirpus-stands or not depends very 
much on the grazing pressure of waterfowl at a particular site. In areas like the 
Haringvliet, Scirpus stands probably exceeding a size of 100 hectare have to be 
planted at once in order to reach a balance. 
Scirpus lacustrìs may be planted in shallow as well as deep water, up to 80 
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cm. In shallow water S. maritimus may be the preferable species, because S. 
lacustris is more susceptible to frost and drought than S. maritimus (Hejny, 1960; 
Haslam et al., 1975; Hutchinson, 1975). In deeper water S. lacustris cannot be 
planted by hand and has to be established in another way. Plant material of the 
species may be obtained from natural stands or from Bulrush cultures. Disadvan-
tages of obtaining plants commercially are the costs (Smit and Coops, 1991) and 
the fact that ecotypes may have been selected, which are less adapted to natural 
environmental conditions (Mitsch and Gosselink, 1993). On the other hand, 
commercial exploitation may pay back investments (Smit and Coops, 1991). 
Scirpus maritimus has no commercial use and has to be collected from natural 
stands. The species should preferably be planted at low water depths, especially 
in brackish areas. In freshwater areas S. maritimus may be outcompeted by P. 
australis (Lieffers and Shay, 1982a; Shay and Shay, 1986), but mature stands 
may be more tolerant to wave action than P. australis (Zonneveld, 1960). In our 
study large quantities of S. maritimus could only be obtained from brackish or 
former brackish waters. Considering the high dry matter production at 
Ventjagersplaten, this is probably not a serious drawback. Ecotype differences 
between populations from tidal and non-tidal areas seem to be more important. 
Plants from tidal areas produce heavier seeds and have less but longer shoots 
than those from non-tidal areas (Zonneveld, 1960; Clevering and Van Gulik, 
1990). When seedlings were planted at Ventjagersplaten, those of tidal 
populations established much better than those of non-tidal ones (Clevering and 
Van Gulik, 1990). 
Generally, the re-establishment of Scirpus using vegetatively propagated 
material can be quite successful, provided that stands are not overgrazed by 
waterfowl. An advantage of Scirpus compared to other emergent macrophytes is 
that they are more tolerant for anaerobic soil conditions (Crawford, 1992), and 
that they can be planted outside an existing emergent macrophyte belt. On the 
other hand it may be questioned whether it is feasible to re-establish species, 
which have disappeared due to major irreversible environmental changes and that 
are unable to re-establish naturally under the present day environmental 
conditions. In stagnant lakes with overgrown riverbanks, Scirpus may only be 
able to re-establish naturally from the seed bank in periods of exceptionally 
drought (Kadlec, 1962; Van der Valk and Davis, 1978). Nowadays, water levels 
are strictly regulated in The Netherlands (Rijkswaterstaat, 1993), which makes 
sexual recruitment virtually impossible (Chapter 3). Finally, in The Netherlands 
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extensive Scirpus stands only occurred in highly dynamic tidal waters, therefore 
it has to be seen whether artificial plantings are able to withstand the invasion of 
other émergents, such as P. australis, that may be better adapted to stagnant 
freshwater conditions. 
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3. GERMINATION AND SEEDLING EMERGENCE OF SCIRPUS 
LACUSTRIS AND SCIRPUS MARITIMUS WITH SPECIAL 
REFERENCE TO THE RESTORATION OF WETLANDS 
ABSTRACT 
Germination and seedling emergence of Scirpus lacustris ssp. lacustris (S.l. lacustris), S. 
lacustris ssp. tabernaemontani (S.l. tabernaemontani) and S. maritimus were investigated in 
order to assess their ability to establish from seed in former tidal waters, where the original 
standing population had disappeared almost completely. 
Germination of one-year-old seeds of all three taxa was improved by stratification 
(wet/cold storage) and in the case of S.l. lacustris and S. maritimus, equally well by bleach-
scarification (seeds pre-soaked in sodium hypochlorite). 
When light was supplied during daytime, the minimum stratification-period required for 
maximum germination was lower for 5. maritimus (4 weeks) than for both S. lacustris 
subspecies (> 6 weeks). In continuous darkness, seeds of the three taxa hardly germinated 
after a stratification period of less than 6 weeks, but after 80 weeks of stratification, 
germination in light and darkness were almost equal. 
Fluctuating temperatures as compared to constant temperatures improved germination of 
S.l. tabernaemontani and S. maritimus, but not that of S.l. lacustris. The amplitude between 
day- and night temperature (from 5 up to 25 °C), however, did not affect germination. 
Germination of S. maritimus increased with increasing day temperature. At constant 
temperatures, the germination of older seeds (66 months) was less than that of younger seeds 
(14 months). At a fluctuating temperature of 30/5 °C germination of old compared to young 
seeds of S.l. lacustris and S. maritimus was not reduced; it was halved, however, in S.l. 
tabernaemontani. 
Under water the three Scirpus taxa were able to emerge from soil depths of 0.5 and 2 
cm, but only a small portion of S. maritimus seeds germinated and emerged from 5 cm 
depth. 
In the field, when pre-germinated seed was sown above the drift]ine of a bare river bank 
13% of S. maritimus, 3.3% of S.l. tabernaemontani and 0.1% of the seeds of S.l. lacustris 
became established. The establishment was lower when the seeds were not pre-germinated, 
whereas underwater establishment of seedlings, if seeds germinated at all, probably failed 
owing to wave action. 
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INTRODUCTION 
In mature stands of emergent macrophytes the occurrence of sexual 
recruitment is rare (McNaughton, 1975; Grace and Wetzel, 1981b; Gopal and 
Sharma, 1983). Sexual reproduction may predominantly serve for long-distance 
dispersal and long-term survival (through dormancy), whereas vegetative 
propagation is more suitable for dispersal over short distances and overwintering 
(Bartley and Spence, 1987; Madsen, 1991). The failure of seedlings to establish 
in existing populations seems to be a common feature in perennial species 
forming dense monospecific stands (McNaughton, 1975; Eriksson, 1992). In 
emergent macrophytes, adults, recruited from the overwintering vegetative 
propagules, are not only competitively superior to seedlings, but more tolerant to 
flooding as well (Spence, 1982; Grace, 1984). Therefore, sites suitable for sexual 
recruitment may be spatially separated from sites where adult plants occur. 
Seeds of emergent macrophytes may be dispersed by wind, water, or animals 
(Cook, 1987), over distances of several tens of kilometres (Waisel, 1972). 
During dispersal, seeds of most species remain dormant and may need some 
dormancy-breaking mechanism in order to germinate (Harper, 1977). Such a 
mechanism could be a stratification period, or, if the seed has an impermeable 
seed coat, the physical (i.e. abrasion) or chemical (i.e. during gut passage in 
birds) damage of the seed coat. 
The germination of emergent macrophytes may take place at the driftline of 
bare riverbanks (Woodell, 1985), or from the seedbank after the substrate 
becomes exposed (drawdowns) in periods of natural drought, or after the artificial 
lowering of the water level (Kadlec, 1962; Van der Valk and Davis, 1978; Keddy 
and Ellis, 1985; Galinato and Van der Valk, 1986). In littoral zones natural 
drawdowns do occur periodically. In North America, for example, intervals of 5-
30 years have been recorded between drawdowns (Van der Valk and Davis, 
1978). Germination during such events requires persistent seed banks and rapid 
germination once conditions are favourable (Baskin et al., 1989). In many 
wetland species, germination may be triggered by light, and diumally fluctuating 
temperatures with a high day temperature (Grime et al., 1981; Thompson and 
Grime, 1983). The requirement for fluctuating temperatures may serve as a 
depth-sensing mechanism, ensuring that germination takes place in shallow water 
and only at low burial depths (Thompson and Grime, 1983). 
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Little is known about the sexual recruitment of Scirpus lacustris and S. 
maritimus. In a vegetation of emergent macrophytes, these species usually occupy 
the outer zone nearest to the open water (Zonneveld, 1960; Hutchinson, 1975). In 
The Netherlands, before the closure of estuaries, dense stands of these Scirpus 
species were present along the banks. After the closure of Zuiderzee in 1932 and 
the estuary Haringvliet in 1970, large areas formerly subject to tidal water 
movement changed into (semi-)stagnant freshwater lakes. The Scirpus vegetation 
strongly declined, probably owing to the disappearance of the intertidal zone, the 
erosion of river banks and subsequent grazing of the rhizomes by Greylag geese 
{Anser anser). 
In 1987 a project was started to examine possibilities to reintroduce Scirpus in 
former tidal waters. Along the river banks exist large, shallow (water depth < 
50 cm) areas nearly devoid of macrophytes. These areas may be suitable for the 
growth of Scirpus, because they are no longer subjected to erosion. The 
restoration of Scirpus using seed could be achieved under conditions favourable 
for recruitment from the seedbank or from broadcasted seeds. Furthermore, 
Scirpus stands could be restored by planting of pre-cultivated seedlings. 
The aim of the present paper was firstly, to investigate the germination 
ecology of Scirpus with emphasis on light- and temperature requirements and to 
investigate seedling emergence from the soil at different water depths, and 
secondly, to assess the optimal germination conditions for the pre-cultivation of 
seedlings and for the broadcasting of (pre-germinated) seeds. 
MATERIALS AND METHODS 
Nomenclature and general ecology 
The nomenclature follows the Flora Europaea ^Tutin et al., 1980), i.e. Scirpus 
focustris L. ssp. lacustris (synonymous with Schoenoplectus lacustris (L.) Palla), 
S. lacustris L. ssp. tabernaemontani (C.C. Gmelin) Syme (synonymous with S. 
glaucus Sm., non Lam., S. tabernaemontani C.C. Gmelin and Schoenoplectus 
tabernaemontani (C.C. Gmelin) Palla) and S. maritimus L. (synonymous with 
Bolboschoenus maritmus (L.) Palla). 
Scirpus lacustris ssp. lacustris (S.l. lacustris) is restricted to freshwater sites, 
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whereas S. lacustris ssp. tabemaemontani (S.Z. tabemaemontani) and S. 
maritimus occur in fresh as well as in brackish waters (Bakker, 1954, Seidel, 
1955). The tolerance to salt of S. maritimus is higher than that of S.l. 
tabemaemontani (Bakker, 1954; Zonneveld, 1960). In The Netherlands, before 
the closure of the Haringvliet-estuary in 1970, the three Scirpus taxa occurred 
together in the Biesbosch, then a freshwater tidal area. S.l. lacustris occurred in 
back swamps, S.l. tabemaemontani at sheltered mudflats, and S. maritimus on 
exposed sites on levees (Zonneveld, 1960). 
Seed collection and storage 
Because initial tests showed that total germination, especially that of S.l. 
tabemaemontani, differed widely among years of collection, all experiments were 
done with seed batches collected in 1986. Seeds of S.l. lacustris (mean seed 
weight 2.65 mg) and S.l. tabemaemontani (mean seed weight 1.75 mg) were 
obtained from a commercially grown Scirpus stand along the tidal river Oude 
Maas (51°50*N,4°29'E). Seeds of S. maritimus (mean seed weight 5.61 mg) 
originated from an isolated stand in Hollandsen Diep (near Willemstad 
51042'N,4°27'E). Seedlings of these populations were able to grow well in both 
greenhouse and field experiments (Clevering and Van Gulik, 1990). Seeds were 
stored dry at 4eC prior to use. 
Pre-treatment of seeds 
Two factors, which might break dormancy were studied, namely bleach-
scarification (chemical removal of the seed coat), and stratification (here defined 
as storage in demineralized water at 4°C). 
Bleach-scarification - Bleach-scarification was carried out by soaking 14-month-
old seeds in household bleach (diluted from 10% sodium hypochlorite by weight 
to 1, 2, 3, or 4% using demineralized water) at different durations (1, 2, 3, or 4 
days) in Petri dishes stored in the dark at 4°C. After scarification, the seeds were 
washed thoroughly with demineralized water and germinated in Petri dishes on 9 
cm Whatman No 1. filter paper covered by 0.5 cm demineralized water in an 
incubator at 30/5°C (12h light/12h dark). Previous tests showed that all three 
Scirpus taxa germinated well under such conditions. The experiment was done 
with 4 replicates, each consisting of a Petri dish with 25 seeds and lasted one 
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month. Germination of scarified seeds was compared to the germination of 14-
month-old seeds, that either were stored dry, or were stored dry for 6 months 
and subsequently stratified for 8 months. Seeds were considered to have 
germinated after a part of the embryo emerged from the seed coat. Germinated 
seeds were counted and removed every other day. 
Stratification and light - 2-year-old seeds were stratified for 0, 2, 4, 6, or 80 
weeks and germinated in incubators under 12/12h light/dark or dark/dark 
conditions at 30/5 °C. To obtain darkness the Petri dishes were wrapped in 2 
sheets of tinfoil and black plastic. The seeds germinating in continuous darkness 
were counted only at the end of the experiment, because light stimulation, even 
by green light, can occur during counting (Grime and Jarvis, 1975; Blom, 1979). 
The experiment lasted for one month and was done with 4 replicate Petri dishes, 
with 25 seeds per Petri dish. Water supply and handling of germinated seeds of 
the light treatment were the same as in the previous experiment. 
Seed age and germination temperature 
In November 1987 and in March-April 1992 germination of 14- and 66-month-
old seed, after 8 and 60 months of stratification, respectively, was examined at 
constant and daily fluctuating temperatures. In November 1987, the germination 
of seeds was tested at temperatures of 15/15, 20/20, 25/25, 30/30, and 30/5°C 
during 12h light/12h dark. In March-April 1992 additional seeds were germinated 
at 10/10, 10/5, 15/5, 20/5, 25/5, 30/10, 30/15, 30/20, and 30/25°C. 
Germination was examined in three statistical designs: (A) germination at 5 
different temperature regimes of 14- and 66-month-old seeds, (B) germination of 
66-month-old seeds at 5 constant and 5 fluctuating temperature regimes, all night 
temperatures being 5°C, and (C) germination of 66-month-old seeds at different 
thermal amplitudes at a day temperature of 30° С and 6 different night 
temperatures. The experiments lasted for one month. AU treatments consisted of 
4 replicates with 25 seeds per replicate. Water supply and handling of germinated 
seeds were the same as in the first experiment. 
Water level and burial depth 
Seeds stratified for 18 months were buried at depths of 0.5, 2, and 5 cm in 
pots of 0.5 1 filled with sediment collected from the Ventjagersplaten in the 
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Haringvliet (5Γ42'Ν, 3°51Έ; Clevering and Van Gulik, 1991). Water levels 
applied were field capacity and waterlogged conditions, and 5 and 10 cm water 
above soil level. Field capacity was defined as the water content of the sediment 
at which water starts to leak from the bottom of the pots. Germination was 
examined in growth chambers at 12h/12h day/night temperatures of 30/10°C. 
During day time 200 μπιοί m 2 s"1 (PAR) was provided. Every other day water 
was supplied and the numbers of emerged seedlings were counted. Seedlings 
were not removed to avoid disturbing the sediment. During two consecutive days, 
the sediment temperatures were measured in the middle of the pots at depths of 
0.5 and 5 cm, using a Grant data-logger and type U thermistor probes (Grant 
Instruments, Cambridge). After one month, all seeds were recovered from the 
sediment and the germinability of seeds not yet germinated was tested by 
transferring them to Petri dishes in an incubator at 12h day/12h night and 
temperatures of 30/10cC during a period of one month. As a comparison 
stratified unburied seeds were germinated in an incubator as well. The viability of 
seeds which failed to germinate was tested with tetrazolium chloride (Moore, 
1973). Each combination of taxon, water level and burial depth was carried out 
in four-fold with 100 seeds per pot and 25 unburied stratified seeds in the Petri 
dishes. 
Field experiments 
In spring 1988, establishment of the three Scirpus taxa from sown seeds was 
examined at Ventjagersplaten in the Haringvliet, and on the southern bank of 
Krammer-Volkerak (51°38'N,4°10'E). The Haringvliet is a former estuary of the 
rivers Rhine and Meuse. The present tidal amplitude is on average 30 cm. 
Krammer-Volkerak has been changed from a brackish estuary into a stagnant 
freshwater lake in 1987 and the bare banks were thought to offer a good 
opportunity for Scirpus to germinate and establish. At Ventjagersplaten 500 
stratified seeds per plot were sown either directly on the soil surface or were 
buried 0.5 cm deep. The plot size was 1 m2 and each combination of taxon and 
treatment was carried out in four-fold. During the experiment a mean water depth 
of 12 cm and a tidal amplitude of 33 cm were recorded at Ventjagersplaten. At 
Krammer-Volkerak seeds were sown along a water depth gradient of 6 m length 
and 0.5 m width, so that 2 m arose above the water level and 4 m going down to 
10 cm water below the water line. In addition to the treatments used at 
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Ventjagersplaten, pre-germinated seed (seeds of which the seedling just emerged) 
was buried at a depth of 0.5 cm as well. Each combination of taxon and 
treatment was carried out in four-fold with 500 stratified seeds per m2. The total 
number of established seedlings was recorded every month. 
A control experiment was carried out to assess whether natural light and 
temperature conditions constrained germination of the three taxa. In a half-open 
greenhouse 100 stratified seeds per pot of the three taxa were sown at a depth of 
0.5 cm in pots of 1 I (diameter 10 cm) in sediment from Ventjagersplaten and 
Krammer-Volkerak. The water level was kept at 2 cm below, and 2 and 5 cm 
above the soil level, using tap water. The emergence of seedlings was followed 
between 15 June and 1 September 1988. In this period the back-calculated mean 
maximum day-temperature was 19.7°C (highest 27.7°C) and the mean minimum 
day-temperature 12.6°C (lowest 5.3°C) in air. 
Statistical analyses 
Laboratory experiments - ANOVA's could not be performed on the results of 
the greater part of the experiments, because treatments without any germinated 
seeds caused inhomogeneity of variances. Therefore, differences in the frequency 
of germinated and non-germinated seeds, except for the field experiment, were 
tested by log-linear analysis for goodness of fit (Sokal and Rohlf, 1981), using 
SPSS procedure HILOGLINEAR (Norusis, 1986). Thereafter, differences among 
means were tested using one-way ANOVA's according to a completely 
randomized design and the Least Significant Difference (LSD) procedure. If 
present, treatments without germination were omitted. Prior to the analyses the 
data were expressed as ratios of total germination and, subsequently, arcsin(sqrt) 
transformed. 
Field experiments - Both sowing experiments were designed according to a 
completely randomized block design, with 4 blocks and 1 replicate per block. 
The control-experiment in the half-open greenhouse with 5 blocks and 1 replicate 
per block. 
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RESULTS 
Results of the log-linear analysis of fit showed that in most experiments taxa 
were significantly affected by an interaction between factors (Table 1). 
Table 1. G-values of 
test for goodness of fit 
total germination after one month using a hierarchical log likelihood 
. See text for details about the treatments. 
Experiment 
Pre-treatment 
-bleach-
scarification 
-stratification 
and light 
Temperature 
(A) 14- vs. 66-
month-old-seeds 
(B) constant vs. 
alternating 
temperatures 
(C) night 
Source of 
variation 
cone, χ period 
concentration 
period 
s trat, χ light 
stratification 
light 
temp, χ age 
temperature 
age 
day temp, χ regime 
day temp. 
regime 
night temp. 
Water level and seed burial 
water χ burial 
water level 
burial depth 
df 
9 
3 
3 
4 
4 
1 
4 
4 
1 
4 
4 
1 
5 
6 
3 
2 
S.l. 
lacustris 
45.6 
52.3 
156.1 
19.6 
238.0 
42.4 
33.7 
15.7 
38.6 
67.6 
492.0 
16.7 
18.0 
107.7 
22.7 
1043.1 
*** 
*** 
++* 
+++ 
*** 
+** 
*** 
*** 
+ * * 
++* 
*** 
*** 
** 
*** 
*** 
*** 
S.l. 
taber. 
16.0 
14.7 
1.6 
0.6 
144.1 
2.3 
16.2 
147.2 
67.5 
29.4 
83.2 
111.2 
19.9 
188.3 
89.2 
1385.3 
ns 
*+ 
ns 
ns 
*** 
ns 
*+ 
*** 
*** 
+ * * 
*** 
+++ 
** 
*** 
*** 
*** 
s. 
marítimas 
43.8 
98.1 
121.3 
73.3 
213.3 
202.5 
845.3 
873.3 
65.3 
1.5 
419.2 
114.2 
291.6 
51.4 
30.7 
2412.7 
*** 
**+ 
*** 
+*+ 
*** 
*** 
+** 
*** 
*+* 
ns 
*** 
*** 
*** 
+* 
**+ 
*+* 
ns = not significant; * Ρ < 0.05; ** Ρ < 0.01; *** Ρ < 0.001 
Pre-treatments 
Scarification - Scirpus I. lacustris showed maximum germinability after a 
soaking period of 3 days in 3 or 4% or for 4 days in 2% sodium hypochlorite 
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(Table 2). Low concentrations of sodium hypochlorite in combination with short 
soaking periods did not stimulate germination compared with untreated seeds. On 
the other hand, maximum germination using sodium hypochlorite was similar to 
that after a stratification period of 36 weeks. Scarification of S.l. tabernae-
montam resulted in a very low percentage of germination as compared to strati-
fication (Table 2). 
Table 2. Total germination (%) of SI lacustris, SI tabernaemontani and S 
mantimus in 12h light/12h dark at 30/5 °C after bleach-scarification (pre-soaking 
during 1, 2, 3, and 4 days in 1, 2, 3, or 4 % active sodium hypochlorite) For 
comparison, germination without stratification and after 36 weeks of stratification 
at 4°C is given Significant differences are indicated with different letters (P < 
0 05) for each taxon separately Percentages were arcs(sqrt) transformed prior to 
analysis (n=4) The untransformed data are shown No statistics were applied for 
SI tabernaemontani The experiment was carried out during a period of 1 
month 
S I lacustris (no 
days / cone 
1 day 
2 days 
3 days 
4 days 
stratification 24 ab and stratification for 36 weeks 
S I tabernaemontani 
days / cone 
1 % 
35 be 
20a 
41 bed 
51 cdefg 
(no stratification 
1 % 
2 % 
28 ab 
27 ab 
59efg 
fóghi 
3 % 
27 ab 
40 bed 
82 hi 
54 defg 
82 
0 and stratification for 36 weeks 
2 % 3 % 
: hi 
4 % 
48cdef 
42cde 
86 ι 
65fgh 
75) 
4 % 
1 day 0 0 1 0 
2 days 6 1 0 4 
3days 3 5 2 2 
4 days 3 1 5 2 
5 mantimus (no stratificaton 57 a and stratification for 36 weeks 98 e) 
days / cone 1 % 2_% 3_% 4 % 
1 day 50 a 72 b 59 a 80 be 
2 days 56 a 86 cd 89 de 98 e 
3 days 73 b 96 e 92 de 91 e 
4 days 72b 97_e 98_e 89 de 
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Most of the ungerminated seeds were damaged by sodium hypochlorite. 
Germination of S. maritimus was maximal at a broader range of combinations of 
soaking period and sodium hypochlorite concentration than that of S.l. lacustris. 
Scirpus maritimus germinated best using a sodium hypochlorite concentration of 
at least 2% and a soaking period of at least 2 days (Table 2). As for S.l. 
lacustris, the optimum scarification treatments resulted in a similar percentage 
germination as seeds that had been stratified for 36 weeks. 
Stratification and light - In light, total germination of the three Scirpus laxa 
increased with increasing length of the stratification period (Fig. 1). Scirpus 
maritimus started to germinate after a shorter stratification period than 5./. 
tabernaemontani, whereas S.l. lacustris behaved intermediately in this respect. In 
S. maritimus total germination did not increase with a stratification of more than 
four weeks, whereas both S. lacustris subspecies required more than 6 weeks of 
stratification (P < 0.05). In darkness germination of all taxa occurred almost 
exclusively after 80 weeks of stratification. After this period germination in the 
light and in the dark was not significantly different when the individual taxa were 
tested. Only after pooling of taxa germination was significantly lower in the dark 
than in the light (P < 0.05). 
4° U 
5 
(0 
f_ 
E 
0) 
ui 
loo 
ΘΟ 
60 
40 
20 
О 
S.l. lacustris 
1 1 liflttt/dark 
77І darX/dark 
. Π 
ή 
fi 
ι 
S. maritimus 
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ώ_ 
il 
й_ 
stratification (weeks) 
Figure 1. Total germination (%) + standard error of S.l. lacustris, S.l. tabernaemontani, 
and S. maritimus germinated at 30/5°C in 12h light/12h dark or in continuous darkness after 
a stratification period of 0, 2, 4, 6, or 80 weeks. The experiment was carried out during a 
period of 1 month (n=4). 
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Seed age and temperature regime 
SJ. lacustne SX tabernaemontani S. maritmus 
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Figure 2. Total germination (%) ± standard error of S. I. lacustris, S.l. tabernaemontani, 
and S. maritimus at different temperature regimes. (Л) Germination of 14 and 66 months old 
seeds at constant temperatures between IS and 30°C and one fluctuating temperature of 
30/5°C. (B) germination at constant temperatures between 10 and 30°C and fluctuating 
temperatures with day temperatures between 10 and 30°C and a night temperature of 5°C. 
(C) Germination at different thermal amplitudes, with a day temperature of 30°C and night 
temperatures between 5 and 30°C. All temperature regimes were carried out in 12 h light/12 
h dark. All experiments were carried out during a period of 1 month (n=4). 
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Seed age - Total germination of 14-month-old seeds of both S. lacustris 
subspecies did not differ between constant temperature regimes, whereas 
germination of S. maritimus increased with increasing temperature (Fig. 2A). 
Germination of S.l. tabernaemontani and S. maritimus was higher at a fluctuating 
temperature of 30/5cC. This was not the case with S.l. lacustris. At this 
fluctuating temperature, 66-month-old seeds of S.l. tabernaemontani germinated 
less well than 14-month-old seeds, whereas S.l. lacustris and S. maritimus did not 
show differences between ages. 66-month-old seeds of the three taxa showed a 
narrower range of preferred germination conditions than 14-month-old seeds. 
Constant versus fluctuating temperatures - At day temperatures of IS and 
20°С germination of S.l. lacustris was higher at constant than at fluctuating 
temperatures. At a day temperature of 30°C, however, the opposite was apparent 
(Fig. 2B). Scirpus I. tabernaemontani and S. maritimus, on the contrary, 
germinated better at fluctuating than at constant temperatures. Total germination 
of S. maritimus increased with increasing day temperatures. 
Night temperatures - The amplitude between day- and night-temperature did 
affect germination of S.l. lacustris, but no pattern between the thermal amplitude 
and germination existed (Fig. 2C). The amplitude (between 5 and 25°C) of the 
fluctuating temperature did not affect germination of S.l. tabernaemontani and S. 
maritimus. 
Water level and burial depth 
All seedlings originating from germinated buried seeds were able to emerge 
from the sediment. As compared to the controls which were germinated in the 
Petri dishes, burial of seeds at 0.5 cm in sediment reduced germination of both S. 
lacustris subspecies, but not that of S. maritimus (Table 3). If seeds were buried 
2 cm deep, germination of both S. lacustris subspecies was lower at field 
capacity than at the other water levels. The same holds for S. maritimus buried 5 
cm deep. Generally, a burial depth of 2 cm reduced germination of S.l. lacustris 
as compared to a burial depth of 0.5 cm, but not that of S.l. tabernaemontani and 
S. maritimus. Using a depth of 5 cm seeds of the S. lacustris subspecies did not 
germinate at all and only a small percentage of the S. maritimus seeds 
germinated. Using 5 and 10 cm water depth the rate of temperature change in the 
sediment proceeded somewhat slower than at field capacity and waterlogged 
sediment, but the amplitude between day and night temperatures did not differ 
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among water depths (data not shown). Neither did soil depth affect the thermal 
amplitude. After the seeds were removed from the sediment only those of S.l. 
lacustris germinated considerably (Table 3). The seeds which did not germinate 
looked deteriorated and tetrazolium chloride tests showed no activity of 
dehydrogenase enzymes in the seeds. 
Table 3. Total germination (%) of S.l. lacustris, S.l. tabernaemontani, and S. maritimus at 
different burial depths and water levels after 1 month. In parenthesis germination (%) in 
Petri dishes after removal of seeds from the sediment. Control seeds were only germinated 
in Petri dishes. All treatments were subjected to a fluctuating temperature of 30/10°C (12 
light/12 dark). Significant differences are indicated with different letters (P < 0.05) for each 
taxon separately. Percentages were arcs(sqrt) transformed prior to analysis (n=4) but the 
untransformed data are shown. The zero-values were omitted from the analysis. 
Treatment 
0.5 cm burial depth 
field capacity 
waterlogged 
5 cm water depth 
10 cm water depth 
2.0 cm burial depth 
field capacity 
waterlogged 
5 cm water depth 
10 cm water depth 
5.0 cm burial depth 
field capacity 
waterlogged 
5 cm water depth 
10 cm water depth 
control 
S.l. lacustris 
43.8 f 
31.5 de 
38.5 ef 
43.0 ef 
0.5 a 
24.0 cd 
15.3 b 
21.5 be 
0 
0 
0 
0 
61.9 e 
(5.8) 
(3.0) 
(4.0) 
(3.3) 
(4.8) 
(5.5) 
(7.3) 
(6.8) 
(0) 
(0) 
(0) 
(0) 
S.l. tabernaemontani 
52.2 b 
47.8 b 
47.3 b 
50.0 b 
1.0 a 
41.3 b 
44.8 b 
38.5 b 
0 
0 
0 
0 
70.1c 
(0) 
(0.8) 
(0.5) 
(2.0) 
(1.3) 
(0) 
(0.3) 
(0.8) 
(0.8) 
(0) 
(0.8) 
(1.8) 
S. maritimus 
77.3 cd 
80.5 d 
74.5 c 
72.0 c 
61.8 c 
77.8 cd 
76.0 cd 
74.5 cd 
0 
9.8 b 
2.5 a 
7.0 b 
(0) 
(0) 
(0) 
(0) 
(0) 
(0) 
(0) 
(0) 
(0) 
(0) 
(0) 
(0) 
cd 
Field experiments 
Seedling emergence was, generally, lower in the half-open greenhouse than in 
the growth chambers (Table 3 and 4), but all the three taxa showed a substantial 
seedling emergence in the greenhouse, irrespective of the treatment (Table 4). 
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Table 4. Total seedling emergence (%) between 15 June and 1 September 1988 
of S.l. lacustris, S.l. tabernaemontani and S. maritimus in a half-open green-
house under natural light and temperature conditions using stratified seeds 
buried at a depth of 0.5 cm in sediment from Krammer-Volkerak and Vent-
jagersplaten using water depths of 2 cm below and 2 and 5 above soil level 
(n=5). Significant differences are indicated with different letters (P < 0.05) for 
each taxon separately. 
Treatment 
Krammer-Volkerak 
- 2 cm 
+ 2 cm 
+ 5 cm 
Ventjagersplaten 
— 2 cm 
+ 2 cm 
+ 5 cm 
S.l. lacustris 
20.8 ab 
20.2 ab 
28.0 c 
16.4 a 
24.2 be 
27.8 c 
S.l. tabernaemontani 
35.0 a 
39.4 a 
36.0 a 
33.8 a 
33.4 a 
42.0 a 
S. maritimus 
17.0 a 
40.6 cd 
30.6 b 
34.4 be 
47.6 d 
42.0 cd 
Table 5. Means (± se) of plant numbers of S.l. lacustris, S.l. tabernaemontani, and S. 
maritimus (No./m2) on a bare river bank along Krammer-Volkerak just above the water 
level. In April 1988, 500 seeds m2 were sown (n=4). From July 1988 onwards, total 
number of shoots (genets + ramets) are given for S. maritimus. 
Treatment 
seed sown on 
soil surface 
seed buried 
at 0.5 cm 
pre-germinated 
seed buried 
at 0.5 cm 
census month 
May 
June 
July 
August 
May 
June 
July 
August 
May 
June 
July 
August 
S.l. lacustris 
0.2 ± 0.2 
0 
0 
0.4 ± 0.5 
0.2 ± 0.8 
0 
0.6 ± 0.6 
0.4 ± 0.4 
1.8 ± 1.1 
0.3 ± 0.3 
0.9 ± 0.9 
0.6 ± 0.4 
S.l. tabernaemontani 
0 
0 
2.6 ± 2.6 
4.6 ± 3.0 
0 
0 
0.8 ± 0.8 
15.5 ± 14.0 
0.9 ± 0.9 
0 
4.5 ± 2.6 
16.6 ± 9.7 
S. maritimus 
0 
0 
2.3 ± 1.6 
19.0 ± 12.4 
11.2 ± 5.3 
11.7 ± 5.3 
37.8 ± 19.0 
137.3 ± 55.5 
75.0 ± 28.2 
64.3 ± 26.4 
120.3 ± 66.2 
242.5 ± 114.4 
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In the field only a few seeds germinated at Ventjagersplaten. The seedlings, 
however, failed to establish, probably because of wave action. This observation 
was confirmed at the other location, Krammer-Volkerak, where established 
seedlings were observed only above the driftline. The establishment of both 5. 
lacustris subspecies was poor, although slightly better for S.l. tabernaemontani 
than for S.l. lacustris (Table 5). About 13% of the pre-germinated S. maritimus 
seeds succeeded in becoming established. Because of its fast clonal expansion this 
taxon had formed a dense vegetation within three months. When the seeds were 
buried, the establishment of seedlings was much higher than when they were 
sown on the soil surface. 
DISCUSSION 
Germination ecology 
Stratification of seeds stimulated germination, as has also been found by 
Bakker (1954) for both S. lacustris subspecies, Hejny (1960) for S. maritimus, 
and Dietert and Shontz (1978) for S. robustus (belonging to the S. maritimus 
complex in North America (Koyama, 1962)) and for a large number of other 
wetland species (Grime et al, 1981; Galinato and Van der Valk, 1986). 
Stratification was not obligatory for breaking dormancy of Scirpus, because 
untreated seeds, although slowly and irregularly, were also able to germinate in 
Petri dishes when placed at high temperatures. Therefore, germination of Scirpus 
seemed to be dependent on the permeability of the seed coat rather than to be 
regulated by some internal clock. Nevertheless, shortly after seedset seeds may 
be dormant as has been found for a number of wetland species (Haslam, 1972; 
Dietert and Shontz, 1978; Baskin et al, 1989). At the other hand, in 
unpredictable habitats, such as wetlands, it might be expected that aged seeds in 
the seed bank are non-dormant and germinate directly in response to favourable 
environmental conditions (Baskin et al, 1989). 
The relatively heavy Scirpus seeds seem to be less sensitive to light availability 
than those of other emergent macrophytes, such as Typha taxa or Phragmites 
australis (Hiirlimann, 1951; Haslam, 1972; Bonnewell et al, 1983; Gopal and 
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Sharma, 1983; Thompson and Grime, 1983; Welling et al, 1988a). Seedlings of 
species with large seeds have been considered to be better able to emerge from 
the soil than those with small seeds (Thompson and Grime, 1983). The failure of 
Scirpus to germinate in darkness after short periods of stratification has also been 
found in Aster hurentianus (Galinato and Van der Valk, 1986) and Rumex 
crispus (Voesenek, 1990). Under natural environmental conditions the com-
bination of a short period of water availability and darkness may exist directly 
after seeds have sunk. In deep water germination of such seeds would lead to a 
failure in establishment of seedlings and prevents seeds to become buried in the 
seed bank. 
Seed age narrowed the range of favourable germination temperatures, being 
more pronounced in S.l. tabemaemontani and S. maritimus than in S.l. lacustris. 
This is in contrast to other wetland plants, which are found to germinate at a 
broader temperature range with increasing age (Thompson and Grime, 1983; 
Atkings et ai, 1987; Ghersa et al., 1992). Differences between the present and 
other studies can be explained by the fact that usually germination shortly after 
seedset is compared to germination after an after-ripening period of no longer 
than 12 months, which means within the next growing season. 
In most instances germination of S.l. lacustris was not stimulated by 
fluctuating temperatures, whereas Grime et al. (1981) found a minimum thermal 
amplitude of 3°C for optimum germination of this taxon. It seems unlikely that a 
thermal amplitude is obligatory for germination of this taxon, because adult plants 
can occur totally submerged (Bakker, 1954; Seidel, 1955). In contrast, adult 
plants of the other two taxa only occur as émergents (Bakker, 1954). In these 
taxa a requirement for a thermal fluctuation could prevent germination in water 
too deep for seedling growth. As both S. lacustris subspecies germinated at lower 
day temperatures than S. maritimus, the former taxa may germinate earlier in 
spring than the latter taxon, which may provide them with a competitive 
advantage. It can be concluded that none of the three Scirpus taxa required a 
large thermal amplitude for germination, but similar to the requirement for light 
this might especially be a characteristic of taxa with small seeds (Grime et al., 
1981; Thompson and Grime, 1983). 
Seedling emergence 
In the laboratory experiment, all three taxa were able to show seedling 
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emergence from the soil when germinated under water and when buried, which 
indicated that germination may occur at relatively low oxygen concentrations. At 
burial depths of 2 cm (both S. lacustris subspecies) and 5 cm (5. maritimus) 
seedling emergence was lower at field capacity than at the other water regimes. 
Since, there is no indication that germination of Scirpus taxa was suppressed at 
high oxygen concentrations of the medium, reduced seedling emergence at field 
capacity and 2 cm burial depth may be due to a lower sediment water content at 
2 cm than at 0.5 cm burial depth caused by the water supply from the top of the 
pots. 
In this experiment the failure of seeds to germinate at greater burial depths 
could not be ascribed to a decrease in thermal amplitude with burial and/or water 
depths. Although a 'depth sensing mechanism' based on thermal fluctuations 
could operate under field conditions for both S.l. tabemaemontani and S. 
maritimus, this was not the case under laboratory conditions. It remains unclear 
why the seeds failed to germinate at deeper soil layers. Other factors like 
amounts and proportions of gases that can change with burial depth may be 
involved (Egley and Duke, 1985). The high mortality of buried seeds in this 
experiment was probably caused by the high soil temperature during day time. 
This phenomenon seems to be rather artificially, as in northwestern Europe seeds 
may not be exposed to such high day temperatures when buried deep in the seed 
bank. 
In the field, germination and establishment of Scirpus turned out to be a 
complete failure under water. It is unlikely that this failure could be ascribed to 
the natural light and temperature conditions. It is more plausible that seeds or 
seedlings drifted away. At and above the driftline of the river bank in Krammer-
Volkerak, buried seeds of S. maritimus and of S.l. tabemaemontani, although to 
a lesser extent, were able to establish. Seeds which were sown on the exposed 
sediment probably dried out. Natural establishment of both taxa also occurred just 
above the driftline (O.A. Clevering, personal observations). Scirpus I. lacustris 
may have failed to establish because the sediment was still slightly brackish after 
closure of the Krammer-Volkerak. 
The use of seeds for the re-introduction of Scirpus 
In order to re-introduce Scirpus by planting pre-cultivated seedlings or by 
broadcasting (pre-germinated) seeds, stratification of seeds may be a more secure 
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method than bleach-stratification. The success of bleach-scarification can differ 
widely: George and Young (1977) have found a decrease in germination of S. 
robustus, whereas Dietert and Shontz (1978) found an increase using bleach. The 
result of bleach-scarification has been found to depend on the hardness of the 
seed coat (Harrison, 1991), which may vary among years of seed collection, seed 
storage, and maturity. 
Germination of all three taxa will be optimal at a high day-temperature of 25-
30°C and a night temperature of at least 5°C lower. As the range of preferable 
germination temperatures declined with seed age, it seems best to use seeds 
which have been stratified for no longer than 2 years. 
Probably, the optimal environmental conditions for germination of broadcasted 
seeds and of seeds from the seed bank do not differ. Generally, in stagnant 
waters the recruitment of Scirpus may take place either at the driftline of bare 
river banks (like Krammer-Volkerak) or from the seed bank in years of 
exceptional drought. In these waters, however, the occurrence of bare river banks 
suitable for seedling establishment is exceptional, whereas the present day 
regulation of water levels may be unfavourable for the occurrence of natural 
drawdowns (Crawford, 1992). Therefore, artificial drawdowns have to be carried 
out in order to create suitable sites for seedling establishment along the river 
banks of former tidal areas either from the seedbank or from sown stratified or 
pre-germinated seeds. 
After a drawdown it can be expected that simultaneous with the germination of 
Scirpus also Typha and P. australis seeds will germinate on the exposed substrate 
or in shallow water (Haslam, 1973; Grace, 1987). These species with a relatively 
high number of small seeds (Hürlimann, 1951; Seidel, 1955; Haslam, 1973; 
Shipley et al., 1989) may be more abundant in the seed bank than Scirpus. The 
outcome of recruitment and post-recruitment processes are difficult to predict, but 
the relatively heavy seeds and the different light- and temperature requirements of 
Scirpus may indicate that these taxa are recruited at different sites than other 
wetland species. This may be especially the case for S.l. lacustris. Temperature 
requirements of this taxon conform to those of submerged rather than to those of 
emergent macrophytes (Titus and Hoover, 1991). The establishment of this taxon 
at the outer zone of mature P. australis stands (Seidel, 1955; Weisner et al., 
1993) may be the result of its ability to germinate at constant temperatures. 
Although it can be expected that germination occurs at sites favourable for 
seedling establishment (Harper, 1977), water levels may change unpredictable, 
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and even small changes may have a large impact on establishing seedlings. 
Therefore, in a subsequent paper the growth of seedlings after emergence from 
the soil will be followed by imposing different (fluctuating) water levels. 
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4. GROWTH, MORPHOLOGY AND PHOTOSYNTHESIS OF 
SCIRPUS LACUSTRIS AND SCIRPUS MARÍTIMOS SEEDLINGS AS 
AFFECTED BY WATER LEVEL AND LIGHT AVAILABILITY 
ABSTRACT 
Germination of wetland species generally occurs on exposed mudflats or in shallow 
water. During seedling establishment small changes in hydrological conditions may result in 
alternating periods of terrestrial and submerged growth conditions, the latter accompanied by 
reduced light availability. The emergent macrophytes Scirpus lacustris ssp. lacustris (J./. 
lacustris), S. lacustris ssp. tabernaemorttani (S.I. tabernaemontani) and S. maritimus are 
distributed along a gradient in water depth from deep to shallow water. It is studied whether 
seedlings of these taxa differ in physiological and morphological reactions in response to 
changing hydrological conditions. 
The overall mean relative growth rate (RGR) of terrestrially grown Scirpus was twice as 
high as that of submerged ones. Scirpus maritimus showed the highest RGR under terrestrial 
growth conditions whereas both S. lacustris subspecies did so under submerged growth 
conditions. Light reduction from 300 to SO /¿mol m'2 s'1 reduced the mean RGR with 22% in 
submerged and 66% in terrestrial seedlings, irrespective of the taxon. In previously 
terrestrial seedlings, submergence reduced the mean RGR and this effect was stronger with 
increasing age. When transferred the other way round S.I. tabernaemontani and S. maritimus 
adapted quickly to the terrestrial growth conditions, whereas S.l. lacustris leaves partly dried 
out, resulting in a much lower RGR than that of untransferred terrestrial seedlings. 
Scirpus maritimus showed the smallest morphological changes upon submergence and was 
unable to grow taller than 10 cm under these conditions. Scirpus I. tabernaemontani was 
able to reach a water depth of at least 25 cm, maintaining an erect growth form, with 
narrow, thin leaves, whereas S.l. lacustris produced numerous long, floating leaves that 
were even thinner than those of S.l. tabernaemontani. Scirpus I. lacustris, the taxon with the 
most conspicuous morphological response to submergence, showed also the highest rate of 
underwater photosynthesis. The three taxa did not show different responses in specific leaf 
area upon shading. 
It was concluded that although seedling establishment of all three Scirpus taxa will be 
most successful under terrestrial conditions, subsequent fluctuating water levels may act, 
however, as a strong selective force. This may determine the distribution of Scirpus taxa 
along a gradient in water depth already during seedling establishment. 
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INTRODUCTION 
Scirpus lacustrìs ssp. lacustris (S.l. lacustris), S. lacustris ssp. 
tabernaemontani (S.l. tabemaemontanï) and S. maritimus can be found at outer 
fringes of emergent macrophyte belts in both tidal and inland waters. Scirpus I. 
lacustrìs is an amphibious taxon, occurring in running waters with long, floating 
leaves, and in tidal and stagnant waters with stiff erect leaves and a leafless stem 
(Seidel, 1955; Haslam et al., 1975). Scirpus I. tabernaemontani and S. maritimus 
occur in less deep water, and no submerged growth forms of these two taxa have 
been described (Bakker, 1954; Hejny, 1960). The tolerance to salt is higher in S. 
maritimus than in S.l. tabernaemontani. Scirpus I. lacustris occurs only in 
freshwater habitats (Bakker, 1954; Zonneveld, 1960; Dykyjová and Kvët, 1978). 
The occurrence of adult emergent macrophytes at different water depths may 
be directly related to differences in sexual recruitment (i.e. germination and 
seedling establishment). Germination of Scirpus, like that of other emergent 
macrophytes, is predominately restricted to the transition zone between land and 
water or to bare mudflats, which become exposed in periods of drought, the so-
called drawdowns (Kadlec, 1962; Van der Valk and Davis, 1978; Welling et al., 
1988a). Germination is supposed to occur at sites which are most suitable for 
seedling establishment (Harper, 1977; Grime, 1979). However, in wetlands water 
levels may change unpredictably, and even small changes may result in 
desiccation or in submergence. Due to the shallowness of the water and wave 
action, changes in water level may be accompanied by considerable changes in 
turbidity. Scirpus taxa occurring along a gradient in water depth may differ in 
plasticity in respons to such changes. Plasticity is here defined as the mean 
amount of variation in morphology and physiology of individual characteristics of 
seedlings in response to changes in the environment (after Bradshaw, 1965). 
Under water, aeration of roots and shoots, as well as photosynthesis may 
become strongly reduced (Boston et al., 1989; Bowes and Salvucci, 1989), due to 
the high C02 and (X-diffusion resistance in water as compared to that in air. 
Submerged macrophytes show different adaptations to counteract the effects of 
unfavourable C02- and 02-conditions. These are the use of alternative C-sources, 
development of aerenchyma, the reduction of the transport distance of C02- and 
02 by forming thin leaves and cuticles, and having chloroplasts in the epidermis 
(Armstrong, 1979; Boston et al., 1989; Bowes and Salvucci, 1989). In contrast to 
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that, terrestrial and most amphibious macrophytes are unable to use alternative C-
sources, but may form aerenchyma and may respond morphologically to 
submergence (Sculthorpe, 1967; Hutchinson, 1975; Armstrong, 1979; Maberly 
and Spence, 1989; Beer et al., 1991). Although morphological responses may 
enable these species to photosynthesize under water to some extent, they are 
predominantly directed towards the uptake of aerial C02 and 0 2 (Madsen and 
Sand-Jensen, 1991; Voesenek et ai, 1993). Access to air can be reached in two 
different ways, by (i) forming long, thin floating leaves, such as occurs in many 
amphibious species (Sculthorpe, 1967; Hutchinson, 1975; Nielsen, 1993) or by 
(ii) the elongation of leaves, petioles or stems in order to emerge from the water, 
the so-called depth-accommodation response (Jackson, 1985; Ridge, 1987; 
Voesenek and Blom, 1989). When plants fail to reach the water surface, they 
may die, due to anaerobiosis in roots and shoots and to a lack of carbohydrates as 
a result of inadequate photosynthesis under water (Sand-Jensen et al., 1992; 
Voesenek et al., 1993). Apart from C02, turbidity of the water may affect plant 
growth as well. In order to avoid shade, plants may also elongate their shoots 
(Grime, 1966; Ridge, 1987), which in combination with submergence may result 
in strongly etiolated plants. Also photosynthetic properties may change similarly 
in response to shade and submergence: resulting in low maximal photosynthetic 
and respiration rates, light compensation points, and light saturated photo-
synthesis (Björkman and Holmgren, 1963; Bowes and Salvucci, 1989). 
A disadvantage of strong morphological responses to submergence is that 
elongated shoots may easily fall over and leaves may desiccate once the water 
level drops (Ridge, 1987). On the other hand when water levels rise, especially 
large seedlings with a low plasticity may suffer from inadequate underwater 
photosynthesis, because of a high maintenance respiration of large plants 
(Penning de Vries, 1983; Ridge, 1987). 
In this paper relative growth rates (RGR's), photosynthesis, and morphological 
responses of Scirpus seedlings will be discussed in relation to water level, 
changes in water level and shading during establishment. The hypothesis is tested 
that seedlings of S.l. lacustris occurring in the deepest water show the strongest 
morphological responses to submergence and S. maritimus the weakest. It is 
expected that S.l. tabemaemontani behaves intermediately. It is also expected that 
submergence reinforces the elongation response to shade. 
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MATERIAL AND METHODS 
Nomenclature 
The nomenclature follows the Flora Europaea (Tutin et al., 1980), i.e. S. 
lacustris L. ssp. lacustris (synonymous with Schoenoplectus lacustris (L.) Palla), 
S. lacustris L. ssp. tabernaemontani (C.C. Gmelin) Syme (synonymous with S. 
glaucus Sm., non Lam., S. tabernaemontani C.C. Gmelin and Schoenoplectus 
tabernaemontani (C.C. Gmelin) Palla) and S. maritimus L. (synonymous to 
Bolboschoenus maritimus (L.) Palla). 
Responses to water level and light availability 
Experimental design - In this experiment relative growth rates (RGR's), 
morphology and photosynthesis of Scirpus-seedhngs were assessed under 
submerged and terrestrial growth conditions at four different light levels. 
Stratified seeds, obtained from the same sources as described in Chapter 3 
were germinated in an incubator with a light/dark regime of 12h 30°C and 12h 
10CC in 2 cm deep water (submerged treatment) or in waterlogged (terrestrial 
treatment) sandy substrate. One week after germination, the submerged seedlings 
were planted in pots of 150 ml and the terrestrial ones in pots of 500 ml. All pots 
were filled with sandy loam (1 % organic matter) collected from Ventjagersplaten, 
The Netherlands (Clevering and Van Gulik, 1991). The pots were placed in eight 
100 1 (60 χ 40 χ 40 cm; 1 χ w χ h) aquaria, which were equally distributed over 
two controlled growth chambers with a light/dark regime of 16 h at 20°C and 8 h 
at 15°C and a relative air humidity of с 80%. The water level of the aquaria 
was kept at 25 cm above (submerged treatment) or 1 cm below the substrate level 
(terrestrial treatment). The pH of the water was checked regularly and maintained 
at pH 8.2 using H2S04 for seedlings grown under water. This pH is comparable 
to the field situation (J. Vermaat, unpublished results). Water was circulated 
using Eheim-pumps with a capacity of 60 1/hour. Both the submerged and 
terrestrial seedlings were supplied with ground water. Light levels of 300 and 
100 /imol m"2 s'1 (PAR) were obtained by adjusting one of the growth chambers 
at 300 and the other one at 100 /imol m"2 s"1 and those of 150 and 50 μπιοί m"2 s"1 
(PAR) were obtained using neutral density netting with 50% light reduction. The 
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three Scirpus taxa were grown in succession using only one water level at a time 
with two aquaria per light level and two replicates per aquarium. 
Measurements - Because an inherently slower growth of the submerged seed­
lings was expected, they were harvested at larger time intervals (after 0, 1,2, 4, 
6, 8 and 10 weeks) than the terrestrial ones (after 0, 1,2, 3, 4, 5 and б weeks of 
growth in the growth chambers). At each harvest the length of the first shoot, the 
number of leaves and the length of full-grown leaf-blades were determined. 
Plants were dried at 70°С for a period of at least 48 hours. At the one but final 
harvest the leaf area was determined using a digital image processor (Imaging 
Technology Inc., Woburn, USA). 
Photosynthesis - Photosynthesis of shoots of submerged seedlings was measured 
by 02-exchange using Clark type electrodes at pH 8.2 (Hootsmans and Vermaat, 
1994). Because the internal storage and/or cycling of 0 2 may strongly affect the 
0,-exchange rates (Sorell and Dromgoole, 1986; Chapter 6), the lacunae were 
flooded by lowering the air pressure until hardly any air was released from the 
cut shoots prior to measuring photosynthesis (Chapter 6). The photosynthesis 
measurements proved, however, to be unreliable. In the case of S.l. lacustris 
epiphytic algae developed on the leaves at the end of the experiment. In the case 
of S.l. tabernaemontani and S. maritimus photosynthesis measurements failed due 
to the production of tiny bubbles, which remained on the surface of the shoots 
and were, therefore, not detected by the 02-electrodes. In a pilot-study using the 
same method of measuring photosynthesis these problems did not occur with 
seedlings, which were grown submerged in a greenhouse at natural light 
conditions. Therefore, to give an impression of the magnitude of underwater as 
compared to aerial photosynthesis results of this pilot-study will be presented. 
Photosynthesis of shoots of terrestrially grown seedlings was measured on a 
separate set of plants, which were grown under similar growth conditions after 
the actual experiment was finished. Photosynthesis of seedlings of comparable 
sizes was measured, namely after 2, 3, 4 or 7 weeks of growth in the growth 
chambers, for plants grown at 300, 150, 100 and 50 μπιοί m'2 s ', respectively. 
Photosynthesis of shoots was measured by C02-exchange. Roots of two intact 
plants were carefully washed, before plants were placed in a cuvette with shoot 
and roots in separate compartments. Plants were measured at ten different light 
intensities, between 500 and 0 μπιοί m 2 s 1, starting with the highest and ending 
with the lowest light intensity. CO, and H 2 0 exchange were measured 
differentially with infrared gas analyzers (ADC, model 225 MK3, Hoddesdon, 
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UK) in an open system. Calculations of the rate of C02-exchange were made 
according to Von Caemmerer and Farquhar (1981) with the corrections suggested 
by Bunce and Ward (1985). 
Responses to a change in water level 
Experimental design - In this experiment sudden changes in water level were 
simulated by transferring seedlings of different age from submerged to terrestrial 
conditions or vice versa. Seedlings were obtained as in the previous experiment. 
One week after germination, seedlings were planted in pots of ISO ml filled with 
the same substrate as in the previous experiment. Half of the seedlings were 
grown submerged, the other half terrestrially using a light/dark regime of 16 h 
(300 μπιοί m 2 s'1) at 20°C and 8 h at 15°C and a relative air humidity of с. 
80%. The experimental conditions were the same as in the previous experiment. 
After 1, 2 and 3 weeks of growth, seedlings were reciprocally transferred. 
Untransferred seedlings were used as a control. Plants were harvested weekly 
during a period of 6 weeks. As the experiment was repeated once, with one 
replicate in each of the two growth chambers, four replicates were obtained. 
Measurements - At each harvest date shoot length, the number of leaves and the 
length of the leaf-blades and -sheaths were determined. Furthermore the leaf-
width of full-grown leaves was determined. Dry weights were determined as 
described before. 
Statistical analyses 
Responses to water level and light availability - Since submerged and terrestrial 
seedlings were grown during a different period of time statistical analyses were 
performed per water level, except for growth characteristics of full-grown leaves. 
In both instances results were analyzed according to a completely randomized 
block design, with each of the two aquaria containing two blocks. A trend 
analysis in growth over time was conducted by performing an ANOVA on In-
transformed data of dry weights using the factors time(6), taxon(3) and light 
level(4) (Hunt, 1982; Poorter and Lewis, 1986). Since submerged S.l. lacustris 
seedlings suffered from epiphytic algae at the end of the experiment, results of 
the final harvest were omitted for all three taxa. 
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Per water level a two-way ANOVA was performed on mean RGR's and the 
specific leaf area (SLA) with factors taxon(3) and light level(4). Per taxon an 
ANOVA was performed on the length of the youngest full-grown leaf, with 
factors water(2) and light(4) level. To obtain more replicate measurements, data 
of full-grown leaves of two successive harvest-dates were used. 
Differences in net-photosynthesis of terrestrially grown shoots were analyzed 
using the repeated measures analysis of variance-procedure (SPSS; Norusis, 
1986) with light intensity at which photosynthesis was measured as a repeated 
factor within taxon and light level during the course of the experiment. In some 
instances it was not possible to calculate the maximum net-photosynthesis 
accurately, because light-saturation did not occur. Therefore, the data of net-
photosynthesis were fitted using a second order polynomial, under the assumption 
that the increase in the rate of photosynthesis will decline with increasing light 
intensity. The light compensation points (LCP) were calculated by the equations 
of the fitted polynomials. A two-way ANOVA was performed on LCP and dark 
respiration (R) with factors taxon(3) and light level(4) during the course of the 
experiment. In all instances significant differences between means were calculated 
by the Least Significant Difference (LSD) method (Sokal and Rohlf, 1981). 
Responses to a change in water level - Results were analyzed according to a 
completely randomized block design, with growth chambers used at a particular 
time regarded as blocks. For each individual combination of taxon and date of 
transfer, mean RGR's were calculated after the plants were transferred, regarding 
the date of transfer as t=0. Because of heteroscedasticity in S.l. lacustris, it was 
decided to assign rank-numbers to the data of all three taxa and to perform one-
way ANOVA's on these rank-numbers per taxon (Potvin and Roff, 1993). In 
contrast to the variances of RGR's, those of rank-numbers proved to be 
homogeneous (data not shown). Differences between means were calculated using 
the LSD-procedure. 
Per taxon an one-way ANOVA was performed on length of leaf-sheaths and 
length and width of leaf-blades of the youngest full-grown leaf of two successive 
harvest dates and the number of leaves present at the final harvest. Per taxon 
significant differences between treatments were calculated using the LSD-
procedure. 
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RESULTS 
Responses to water level and light availability 
In a growth analysis it was shown that changes in relative growth rates (RGR) 
of submerged and terrestrial seedlings of the different taxa were differently 
affected by light levels (data not shown). Generally, the RGR of submerged S.L 
lacustri s remained constant in time, whereas that of S. maritimus decreased 
strongly (Fig. 1). 
submerged terrestrial 
• 300 
• о 150 
A 100 
• V 60 
S.I. lacustns 
50 60 О 10 
time (days) 
Figure 1. Growth curves of submerged and terrestrial S.l. lacustris, S.l. tàbernaemontani 
and S. maritimus seedlings grown at light levels of 300, ISO, 100 or SO μπιοί m2 s'1. A 
first, second or third order polynomial was fitted to In-transformed data of total dry weight 
depending on the results of a trend analysis over time. 
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Changes in RGR with time of S.l. tabemaemontani were intermediate, but 
resembled those of S.l. lacustris more than those of S. maritimus. The terrestrial 
seedlings showed reverse responses (Fig 1). In some instances RGR's of both S.l. 
lacustris subspecies decreased with time, whereas that of S. maritimus remained 
rather constant. Mean RGR's differed among taxa and light levels (Table 1). 
Pooled for all light levels, they were lower in submerged S. maritimus than in 
both S. lacustris subspecies, whereas the opposite occurred in terrestrial 
seedlings. Shading decreased mean RGR's of terrestrial seedlings stronger than 
that of submerged ones (Fig. 1 and Table 1). 
Table 1. ANOVA and means of mean relative growth rates (RGR; day"1) of S.l. 
lacustris, S.l. tabemaemontani and S. maritimus growing submerged for 8 weeks or 
terrestrially for 6 weeks at four different light levels (μιτιοί m"2 s"1). Significant 
differences were calculated per water level and are indicated with different letters 
(LSD; Ρ < 0.05). 
Factors 
block 
taxon (t) 
light (1) 
t x l 
error (MS) 
df 
3 
2 
3 
6 
33 
submerged 
1.3 ns 
9.0 *** 
15.6 *** 
1.0 ns 
3.3 χ ισ 5 
F-values terrestrial 
0.2 ns 
8.6 *** 
273.9 **+ 
1.7 ns 
9.7 χ IO"5 
S.l. lacustris S.l. tabemaemontani S. maritimus 
submerged 
light level 
300 
150 
100 
50 
0.073 ef 
0.066 cde 
0.065 bcde 
0.061 abc 
0.081 f 
0.072 e 
0.070 e 
0.058 ab 
0.066 bcde 
0.065 bcde 
0.061 abcd 
0.053 a 
light level 
300 
150 
100 
50 
terrestrial 
0.169 fg 
0.125 d 
0.103 bc 
0.055 a 
0.162 f 
0.124 d 
0.098 b 
0.064 a 
0.183 g 
0.142 e 
0.116 cd 
0.058 a 
ns = not significant; * Ρ < 0.05; 
subsequent table. 
** Ρ < 0.01 and *** Ρ < 0.001 for this and 
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The specific leaf areas (SLA) of submerged seedlings varied widely between 
taxa, whereas that of terrestrial ones were similar (Table 2). Differences in SLA 
between submerged and terrestrially grown seedlings were higher in S.l. lacustris 
than in S. maritimus. Scirpus I. tabernaemontani behaved intermediately (Table 
2). Generally, a reduction in light resulted in an increase in SLA. This reaction 
was, however, smaller than the response to submergence. 
Table 2. ANOVA and means of the specific leaf area (SLA (dm2 g"1)) of sub­
merged and terrestrial leaves of S.l. lacustris, S.l. tabernaemontani, and S. 
maritimus at four different light levels (measured in μιηοΐ m"2 s"1). Significant 
differences were calculated per water level after arcs sqrt transformation and are 
indicated with different letters (LSD: Ρ < 0.05). 
Factors 
block 
taxon (t) 
light (1) 
t x l 
error (MS) 
df 
3 
2 
3 
6 
33 
submerged 
0.4 ns 
148.7 *** 
5.7** 
1.8 ns 
0.0015 
F-values terrestrial 
1.3 ns 
3.1 ns 
61.5 *** 
1.6 ns 
0.0004 
S.l. lacustris S.l. tabernaemontani S. maritimus 
submerged 
light level 
300 
150 
100 
50 
14.03 e 
15.30 ef 
21.01 fg 
22.35 g 
8.93 cd 
10.26 d 
9.88 d 
9.66 d 
3.56 a 
3.31a 
4.21 ab 
6.26 bc 
light level 
300 
150 
100 
50 
terrestrial 
2.19 ab 
3.02 ede 
3.87 de 
7.94 g 
2.04 a 
2.88 abc 
3.99 e 
6.04 f 
2.03 a 
2.88 abc 
3.59 de 
5.23 f 
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Submerged S.l. lacustris seedlings produced a high number of floating leaves, 
whereas no stem was produced during the course of the experiment. In contrast 
terrestrial seedlings grown at 300 μπιοί m 2 s"1 formed maximally six erect leaves 
and then a leafless stem (Fig. 2). Both submerged and terrestrial seedlings of S.l. 
tabemaemontani produced leafless stems, after producing four or five and four 
leaves respectively. Some of the submerged seedlings, which were grown at 300 
μπιοί m 2 s"1 succeeded to emerge at the end of the experiment. Scirpus maritimus 
seedlings produced maximally six leaves before a leafy stem was produced. In 
contrast to terrestrial S. maritimus seedlings, the submerged ones did not show a 
significant increase in shoot length (Fig. 2). 
О 10 20 30 40 50 60 70 80 О 10 20 30 40 50 60 70 ВО 
time (days) 
Figure 2. The number of leaves and length of the first shoot of S.l. lacustris, S.l. tabemae­
montani and S. maritimus seedlings grown submerged (S) or terrestrially (T) at 300 or 50 
/tmol m"2 s1 light. (n=4). Arrows indicate time of stem formation. 
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At a light level of 300 μπιοί m 2 s'1, the length of mature leaf-blades did not 
differ between submerged and terrestrially grown S.l. lacustris, but submerged 
S.l. tabernaemontani and S.maritimus leaf-blades were shorter than terrestrial 
ones (Fig. 3). In response to shade the length of leaf-blades of both submerged S. 
lacustris subspecies increased, whereas that of S.maritimus decreased. The 
opposite occurred in terrestrial leaves, although less pronounced in S.l. tabernae­
montani (Fig. 3). 
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Figure 3. Length of the full-grown fourth leaf-
blade of S.l. lacustris and S. maritimus and 
second leaf-blade of S.l. tabernaemontani 
grown at light levels of 300, 150, 100 or 50 
μπιοί m"2 s"1 under submerged or terrestrial 
growth conditions. Data of two successive har­
vests were pooled (n=8). The data were sqrt-
transformed prior to the analysis. Per taxon 
significant differences are indicated with dif­
ferent letters (LSD; Ρ < 0.05). 
Photosynthesis of submerged seedlings grown in the greenhouse during the 
pilot-study was compared with that of terrestrial seedlings grown at 300 μπιοί m"2 s"1. 
Photosynthesis of submerged seedlings of all three taxa was light saturated at a 
light intensity of 300 μπιοί m"2 s"1 (data not shown). At this light intensity 
submerged S.l. lacustris, S.l. tabernaemontani and S. maritimus seedlings had a 
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net-photosynthesis rate of 24, 15 and 8 nmol 0 2 g
1
 s
1
 (df 2/
s
 F=58.5 Ρ < 
0.001) respectively, and the terrestrial ones of 178, 260 and 223 nmol C 0 2 g"1 s"1 
(df % F=9.3 Ρ < 0.01). In the latter case net-photosynthesis rates of S.l. 
tabemaemontani and S. maritimus were not significant different (P > 0.05). 
Light response curves of terrestrial seedlings grown at the four different light 
levels were significantly different (Fig. 4, for differences between light levels). 
Net-photosynthesis was not always light-saturated (Fig. 4). Pooled for all light 
levels, the maximum net-photosynthesis of S. maritimus was higher than that of 
S.l. lacustris, whereas S.l. tabemaemontani behaved intermediately (P < 0.05). 
In both S. lacustris subspecies the light compensation point (LCP) and respiration 
(R) were highest at 150 μπιοί m"2 s ', whereas in S. maritimus they decreased 
with decreasing light level (Table 3). 
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Figure 4. Light response curves of 
terrestrial S.l. lacustris, S.l. tabemae­
montani and S. maritimus seedlings grown 
at light levels of 300, 150, 100 and 50 
μπιοί m"2 s'1. A second order polynomial 
was fitted to the data (n=4). Significant 
differences between light response curves 
are indicated by different letters (P < 
0.05). 
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Table 3. Mean respiration (R (μπιοί C0 2 m'2 s"1)) and light compensa­
tion points (LCP (/¿mol m"2 s"1)) of S.l. lacustris, S.l. tabernaemontani 
and S. maritimus grown terrestrially at four different light levels. 
Differences between means are indicated with different letters (LSD: 
Ρ < 0.05). 
S.l. lacustris S.l. tabernaemontani S. maritimus 
R 
light level 
300 0.70 cd 
150 1.13 e 
100 0.45 bc 
50 0.16 ab 
LCP 
light level 
300 20.6 cd 
150 45.8 e 
100 16.0 bc 
50 3.0 a 
Responses to changes in water level 
The mean RGR's of untransferred plants were depended on the period over 
which they were calculated, and, especially those of seedlings grown terrestrially, 
decreased with time and therefore with increasing plant size (Table 4). 
Transferring seedlings from terrestrial to submerged growth conditions resulted in 
a strong decrease in RGR, leading to an almost complete standstill of submerged 
growth in S.l. lacustris and S. maritimus when transferred after three weeks of 
terrestrial growth. Some of the then already large 3-weeks-old S.l. taber­
naemontani seedlings were able to emerge from the water, resulting in a 
comparable mean RGR of those transferred after 1 or 2 weeks. After a transfer 
to terrestrial growth conditions, the mean RGR of S.l. lacustris seedlings was 
much lower than that of untransferred terrestrial ones, due to the desiccation of 
leaves. Larger seedlings were better able to overcome desiccation than smaller 
ones. In contrast S.l. tabernaemontani and S.maritimus seedlings had similar 
RGR's as untransferred terrestrial ones, irrespective of the time of transfer (Table 
4). 
0.42 abc 
1.24 e 
0.98 de 
0.10 a 
13.0 abc 
48.5 e 
46.8 e 
10.7 abc 
2.35 f 
2.12 f 
1.18 e 
0.39 abc 
48.5 e 
41.9 e 
29.0 d 
9.0 ab 
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Table 4. The mean relative growth rate (RGR; day'1) of S.l. lacustris, S.l. tabernaemontani 
and S. maritimus after transfer (A) from terrestrial to submerged or (B) from submerged to 
terrestrial growth conditions. Per taxon differences between means were calculated using 
rank-orders (LSD; Ρ<0.05). The mean RGR's of untransferred submerged (A) and 
terrestrial (B) plants during the same period are given in parenthesis. Plants were grown for 
a period of 6 weeks. 
S.l. lacustris S.l. tabernaemontani S. maritimus 
(A) Terrestrial -» Submerged 
Weeks of terrestrial growth 
control 0.057 с (0.057) 0.072 с (0.072) 0.060 с (0.060) 
1 week 0.043 b (0.046) 0.039 b (0.061) 0.041 b (0.043) 
2 weeks 0.013 a (0.045) 0.010 a (0.049) 0.010 a (0.032) 
3 weeks 0.006 a (0.052) 0.020 ab (0.055) 0.004 a (0.034) 
(B) Submerged -» Terrestrial 
Weeks of submerged growth 
control 0.170 d (0.170) 0.165 d (0.165) 0.174 d (0.174) 
1 week 0.046 b (0.167) 0.167 d (0.162) 0.162 d (0.172) 
2 weeks 0.051 be (0.155) 0.153 d (0.152) 0.159 d (0.166) 
3 weeks 0.088 c (0.149) 0.150 d (0.152) 0.163 d (0.135) 
Leaves of submerged S.l. lacustris partly desiccated after transfer to terrestrial 
growth conditions, so that no leaf characteristics of this taxon could be 
determined. Generally, the number of leaves was intermediate between the 
untransferred terrestrial and submerged seedlings (data not shown). 
Characteristics of the third leaf are given in connection with the stage of 
development at the time of transfer (Fig. 5). Untransferred seedlings of S.l. 
lacustris and S. maritimus had longer terrestrial than submerged leaf-sheaths, 
whereas those of S.l. tabernaemontani were similar (Fig. 5A). Only S. maritimus 
showed differences in leaf-blade lengths, which were longer under terrestrial than 
under submerged conditions (Fig. SB). Both S. lacustris subspecies produced 
narrower leaves under submerged than under terrestrial conditions, whereas the 
shape of S. maritimus did not differ between water levels (Fig. 5C). The 
morphology of already mature leaves and in most instances the length to width 
ratio of developing leaves remained unaffected by transferring. Changes in 
lengths of leaf-sheaths and -blades of new and developing leaves were small, they 
never resulted in longer leaves than those of either untransferred terrestrial or 
submerged plants. 
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Figure 5. The length of the leaf-sheaths and -blades, and the length to width ratio of the 
full-grown leaf-blades of the third leaf of S.l. lacustris, S.l. tabemaemontani and S. 
maritimus seedlings transferred from either terrestrial to submerged (TS) or from submerged 
to terrestrial (ST) conditions after 1, 2 or 3 weeks. Untransferred submerged (S) and 
terrestrially (T) grown seedlings were used as controls. The different bar patterns indicate 
whether leaves were mature, developing or not yet formed (new) at the time of transfer. 
Data of two successive harvests were pooled (n=8). Data of lengths were sqrt-transformed, 
and of the length to width ratio arcsqrt transformed prior to the analysis. Differences 
between means were calculated per taxon and per leaf-characteristic and are indicated by 
different letters (LSD; Ρ < 0.05). 
DISCUSSION 
Between the Scirpus taxa clear differences in relative growth rates, 
morphology and photosynthesis were present. Firstly, differences between taxa in 
each growth characteristic and, secondly the ecological implications of 
morphological plasticity in response to water level and light availability will be 
discussed. 
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Relative growth rates 
Besides the calculation of mean relative growth rates (RGR's), that of changes 
in RGR with time gave important additional information. In due time a decrease 
in RGR may be expected because of the depletion of carbohydrate reserves in the 
seeds and a relative increase in maintenance respiration, due to an increase in the 
proportion of non-photosynthetic tissue with plant size (Hunt, 1982; Fermer, 
1987; Van der Werf et al, 1988). The decline in RGR with time was especially 
pronounced in untransferred submerged S. maritimus. Although both subspecies 
of S. lacustris differed considerably in their morphological responses to 
submergence, no differences in mean RGR's were found. In some instances the 
RGR of submerged S.l. tabernaemontani decreased with time, whereas this was 
not the case in S.l. lacustris. Therefore, S.l. lacustris may be the better 
submerged grower. 
The small differences in RGR's between light levels in submerged Scirpus 
indicated that C02-availability is limiting rather than light (Salvucci and Bowes, 
1982; Boston et ai, 1989; Nielsen, 1993). The mean RGR of 0.17 day1 of 
terrestrial 5ci>pi«-seedlings falls within the range found for other emergent 
macrophytes under optimal conditions (Shipley and Peters, 1990). The strong 
decrease in RGR in terrestrial seedlings upon shading, showed that they are 
relatively shade-intolerant (Grime, 1966). 
The transfer to submerged conditions after 1 or 2 weeks of terrestrial growth 
did not result in different RGR's between taxa. It seems that seedlings, 
irrespective of the taxon, once adapted to terrestrial conditions may not be able to 
adapt quickly to submerged conditions, later in their life-cycle. Also the strong 
decrease in RGR with increasing size of transferred Sci/pMJ-seedlings may be due 
to the absence of morphological changes in leaves, especially those already 
produced under terrestrial conditions. This may result in a high proportion of 
non-photosynthetic tissue, whereas large plants will have a high absolute 
maintenance respiration (Penning de Vries, 1983; Van der Werf et al., 1988). 
Voesenek et al. (1993) argued that mortality in large transferred Äwncx-plants 
was probably due to a shift in the balance between the use and availability of 
carbohydrates. 
The submerged S.l. lacustris seedlings transferred to terrestrial growth 
conditions were vulnerable to desiccation. In contrast the submerged S.l. 
tabernaemontani and S. maritimus were able to adapt quickly to terrestrial growth 
79 
Chapter 4 
conditions. Apparently, transferring these latter taxa did not seem to require 
costly, in terms of carbon-use, adjustments of the plants. It has been found in 
other taxa that the efficiency of photosynthesis of submerged leaves exposed to 
air may not differ from that of terrestrial ones (Salvucci and Bowes, 1982; 
Nielsen, 1993). 
Morphological characteristics 
The three Scirpus taxa differed widely in their morphological responses to 
submergence. Plasticity in the specific leaf area (SLA) was higher in S.l. 
lacustris than in S. maritimus, whereas S. I. tabernaemontani was intermediate. 
The SLA of submerged leaves of S. lacustris subspecies was comparable to that 
of submerged or amphibious species, whereas that of terrestrial leaves resembled 
that of terrestrial species (Spence and Chrystal, 1970; Poorter and Remkes, 1990; 
Nielsen, 1993). 
Submerged S.l. lacustris seedlings produced a relatively high number of 
narrow and thin leaves, which had the ability to float, whereas S.l. 
tabernaemontani produced narrow, erect and less thin leaves. Scirpus maritimus 
showed almost no plasticity in leaf morphology. In the seedling stage S.l. 
lacustris may be called a heterophyllous amphibious taxon. The existence of 
heterophyllous seedlings has also been found in other clonal emergent 
macrophytes, but seems an exception rather than the rule (Hutchinson, 1975; 
Sharma and Gopal, 1979). The formation of narrow, thin leaves upon 
submergence is a normal response in terrestrial species, which are to some extent 
adapted to submerged growth conditions (Hutchinson, 1975; Sculthorpe, 1967). 
No pronounced elongation responses of mature, developing or new leaves were 
found after submergence of terrestrially grown plants. The absence of this 
response seems to be a normal phenomenon in seedlings, and may explain why 
germination is only successful on exposed mudflats or in shallow water (Ridge, 
1987; Voesenek et al., 1993). 
Shading reinforced the response in SLA upon submergence, but no differences 
between taxa were present. This may indicate that these reactions are mediated 
by different hormones. Only in submerged S.l. lacustris a clear elongation 
response upon shading was present. In S. maritimus leaves were shorter with 
increasing shade, which may indicate a shortage in photosynthates. In terrestrially 
grown S. lacustris seedlings, like in S. maritimus an elongation response to shade 
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was expected. However, in the case of S. lacustris the maintenance of a 
relatively high leaf appearance rate and, finally, the production of a stem may be 
a better strategy to avoid shade. 
Photosynthesis 
Scirpus I. lacustris, which showed the strongest morphological responses to 
submergence, also showed the highest net-photosynthetic rate under water. Net-
photosynthesis rates of all three submerged Scirpus taxa were within the range 
found for submerged terrestrial plant species, but they were considerably lower 
than those of amphibious species (Sand-Jensen et ai, 1992; Madsen et al., 1993). 
In waters with a relatively high pH Scirpus seedlings will only be able to grow 
slowly or, in the case of S. maritimus will only be able to survive under water. 
Rates of net-photosynthesis of terrestrial Scirpus tended to be higher when 
calculated per unit leaf area, and lower per unit dry weight, but they were 
comparable to those of seedlings of other terrestrial species (Poorter et al., 
1990). Terrestrial shoots of Scirpus showed similar responses to shading as has 
been found in other species, e.g. lower rates of respiration (R), lower light 
compensation points (LCP), and lower light saturation values (Björkman and 
Holmgren, 1963; Bowes and Salvucci, 1989). However, both S. lacustris 
subspecies showed the highest R and LCP values at a light level of 150 and not 
at 300 μιυοΐ ην2 s"1. 
In both submerged and terrestrial seedlings rates of photosynthesis could only 
partly explain differences in RGR. Therefore, the incidental measurement of 
photosynthesis does not seem to be a good predictor for the carbon-gain over a 
longer period of time. 
Ecological implications. 
Differences in morphological plasticity only partly resulted in differences in 
RGR's between taxa. Moreover, they did not result in different RGR's of 
submerged shaded seedlings. Differences in RGR's probably remained small, 
because seedlings may have been supplied with reserve-carbohydrates during the 
greater part of the experiment, whereas in all three taxa the rate of underwater 
photosynthesis remained low, as a consequence of a low availability of C 0 2 at a 
high pH. In Scirpus morphological responses to submergence may primarily 
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serve as a mechanism to get access to air, rather than to provide for a substantial 
carbon gain under water. Therefore, differences in morphological plasticity as 
such reflected best the distribution of Scirpus seedlings along a gradient in water 
depth best. 
The strong morphological responses of S.l. lacustris to submergence may 
indicate that germination occurs under water and that seedlings emerge from the 
water later in their life-cycle (Ridge, 1987). This may be the case in streams and 
shallow, stagnant waters (Sand-Jensen et al., 1992; Weisner et al., 1993). 
However, seedlings from seed of the same population are also able to germinate 
(Chapter 3) and grow terrestrially as has been shown in the present study, 
without showing differences in RGR's with S.l. tabernaemontani. Therefore, the 
occurrence of S.l. tocustris in back-swamps (Zonneveld, 1960) may be the result 
of establishment entirely terrestrial. 
Despite their similar RGR, the production of very long leaves may enable S.l. 
lacustris to get access to air in much deeper water than S.l. tabernaemontani. 
Scirpus I. tabernaemontani seedlings are able to overcome a water depth of 20 à 
30 cm, whereas those of S. maritimus are probably unable to show any growth 
after the seed reserves are depleted. This latter taxon is only able to grow under 
terrestrial conditions during its seedling stage. However, due to its lack in 
plasticity, seedlings remain quite robust under water, and may tolerate short 
periods of flooding better than the weak, etiolated S.l. tabernaemontani seedlings. 
In all three taxa a sudden rise in water level, resulting in the total immersion 
of seedlings, might especially result in mortality of large stemless seedlings. 
Later in their life-cycle, the elongation of stems, thereby inhibiting the elongation 
of leaves, may enable plants to reach the water surface as has been shown in 
other monocotyledons (Raskin and Kende, 1984; Ridge, 1987). Therefore, later 
in the life-cycle the leafless stems of both S. lacustris subspecies may be better 
adapted to a sudden rise in water level than the leafy stems of S. maritimus. 
From the present study as well as from germination experiments (Chapter 3), 
it can be concluded that S.l. lacustris can be recruited in much deeper water than 
S.l. tabernaemontani and S. maritimus. The ability of S.l. lacustris to germinate 
and develop under water may result in established stands at the lakeward side of 
an existing P. australis belt in shallow, sheltered lakes (Weisner et al., 1993). 
Under terrestrial conditions, S. maritimus may be the better competitor, because 
it shows a higher relative and absolute growth rate than both S. lacustris 
subspecies. 
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It can also be concluded that in the transition zone between water and land, 
water levels are a strong selective force during seedling establishment. 
Differences in morphological plasticity of seedlings may result in differences in 
distribution of adult Scirpus taxa along a gradient in water depth. It has also been 
shown that fluctuations in water level is an important selective force as well. At 
sites with frequent changing water levels S. maritimus may be the best adapted 
taxon. 
83 
84 
5. PLASTICITY AND ONTOGENETIC DIFFERENTIATION IN 
RAMET CHARACTERISTICS DURING THE CLONAL EXPANSION 
OF SCIRPUS MABITIMVS INTO DEEPER WATER 
ABSTRACT 
Adults of the emergent macrophyte Scirpus maritimus occur in much deeper water than 
its seedlings. To determine the relative importance of plasticity and ontogenetic 
differentiation in ramet characteristics during the clonal expansion into deeper water, 
seedlings were planted in outdoor ponds at water depths of 0 (waterlogged), 10, 20 and 30 cm. 
The size and dry matter production of clones were larger at 0 and 10 than at 20 and 30 
cm water depth. Differences in the size of clones were due to differences in branching rate. 
The relative length increment of shoots was unaffected by water depth. Also rhizome lengths 
remained unresponsive to water depth, but S. maritimus showed a strong ontogenetic 
differentiation in lengths of rhizomes produced by the individual ramets. 
In response to water depth shoots were taller, but the shape and the specific leaf area of 
both submerged and emerged leaves remained unaffected. Also the total ramet dry weight 
did not change in response to water depth, but with increasing water depth the proportional 
allocation of dry matter to stems increased at the expense of roots and rhizomes. Individual 
ramet dry weight increased in later ramet generations, and the proportional dry matter 
investment in tubers (storage organs) and roots increased at the expense of leaves and 
rhizomes. 
For all of the investigated properties Scirpus maritimus conformed to the phalanx clonal 
growth strategy: The species showed strong plastic responses in the rate of rhizome 
initiation, but not in rhizome lengths. Furthermore, it showed plastic responses in 
morphology and biomass allocation of ramets, which were directed towards emergence in 
deep water. However, total ramet dry weight and that of the tubers were not different 
between water depths. Therefore, the sequential production of increasingly larger ramets, 
especially of tubers, might be of great importance for the expansion of S. maritimus into 
deeper water. 
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INTRODUCTION 
In established populations of emergent macrophytes sexual recruitment is rare, 
because mature plants are much more tolerant to flooding than seedlings and are 
superior competitors (McNaughton, 1975; Grace and Wetzel, 1982; Bartley and 
Spence, 1987; Madsen, 1991). In established populations asexual reproduction is 
very important, allowing short-distance dispersal and short-term dormancy, such 
as overwintering (Madsen, 1991; Grace, 1993). Sexual reproduction seems to be 
primarily a mechanism for the establishment of new populations. It allows long 
distance dispersal and long periods of dormancy (Madsen, 1991). Sexual 
recruitment only occurs in shallow water, round the driftline of bare river banks, 
or after periods of drought, when mudflats get exposed (Hutchinson, 1975; Van 
der Valk and Davis, 1978; Lieffers and Shay, 1982a). 
As mature plants are found in much deeper water than seedlings, clonal 
expansion of seedlings must be directed towards deeper water (Spence, 1982; 
Weisner, 1988). However, with increasing water depth larger parts of ramets 
become submerged, which may result in reduced respiration and photosynthesis 
(Setter et al, 1987; Sand-Jensen et al., 1992; Chapter 4), owing to the low 
diffusion rate of 0 2 and C02 in water compared to air. 
During clonal expansion from the shoreline towards deeper water, the period 
of submerged shoot-growth will increase and new ramets will become increasing-
ly dependent on the supply of carbohydrates from older ramets. This dependence 
may change the clonal architecture, e.g. branching intensity, rhizome length and 
branching angle (Bell and Tomlinson, 1980) of clones during the colonization of 
the shoreline gradient. Furthermore, ramets may exhibit different plastic 
responses to water depth. Plasticity is here defined as the mean amount of 
variation in the morphological and physiological expression of individual 
characteristics of ramets in response to changes in environmental conditions (after 
Bradshaw, 1965). During the growing season, elongation of shoots, the so-called 
depth accommodation, may enable the plants to emerge from the water (Jackson, 
1985; Ridge, 1987). Although under water, photosynthesis will be limited by the 
available C02 rather than by the available light (Chapter 4), we expect that the 
plastic responses in morphology and biomass allocation of emergent macrophytes 
will be similar to those of terrestrial plants trying to overtop a canopy. 
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In autumn the above-ground parts of emergent macrophytes die-off and plants 
have to overcome the winterperiod by the reallocation of large quantities of 
carbohydrates into asexual propagules (Grace and Wetzel, 1982; Granéli et ai, 
1992; Grace, 1993). As spring-sprouting depends solely on the amount of 
reserve-carbohydrates (Grace and Wetzel, 1981a; Yamasaki, 1981), it may be 
expected that emergent macrophytes produce larger propagules with increasing 
water depth. 
Various emergent macrophytes show a strong increase in ramet size with 
increasing size of clones (Grace and Wetzel, 1981a; Lieffers and Shay, 1982a), 
what may indicate that a high ontogenetically determined variation in ramet 
characteristics exists. Ontogenetic differentiation is fixed, and thus unaltered by 
environmental conditions (Bradshaw, 1965). The sequential production of taller 
ramets with large asexual propagules, may be important when clones of emergent 
macrophytes are descending along river banks. 
In this paper the clonal growth of the emergent macrophyte Scirpus maritimus 
will be related to water depth. In order to separate plastic responses from 
differences in ontogeny, ramet characteristics were analyzed for different ramet-
generation groups (groups of sequentially produced ramets) within clones. The 
relative importance of plasticity and ontogenetic differentiation in rhizome 
lengths, and branching intensity, as well as in morphology, and biomass 
allocation of ramets were studied. Especially, dry matter allocation towards 
tubers was investigated, because this is supposed to determine regrowth in the 
next spring. 
THE SPECIES 
Scirpus maritimus L. (synonymous to Bolboschoenus maritimus (L.) Palla) is 
an emergent macrophyte, which occurs in the transition zone between the 
terrestrial vegetation (the shore) and the open water (Zonneveld, 1960). It occurs 
in fresh and brackish tidal areas as well as in inland waters (Hejny, 1960; 
Zonneveld, 1960; Kotter, 1961; Dykyjová and Kvët, 1978). In inland waters the 
species may occur up to 90 cm water depth (Dykyjová, 1986). Seedlings, 
however, only establish on wet mudflats or in shallow water of less than 5 cm 
deep (Lieffers and Shay, 1981; Chapter 3 and 4). After germination, S. 
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maritimus produces at least six leaves, of which the leaf-sheaths form a pseudo-
stem, prior to producing a stem (O.A. Clevering, unpublished results). Shoots do 
not flower during the first growing season. The apex of stem and leaves is 
situated at the base of the shoot. Under optimal growth conditions, newly 
established individuals produce the first lateral rhizome at the base of the shoot 
after four weeks of growth. Thereafter, two additional lateral rhizomes, also 
initiated at the shoot base, can be formed. The rhizome lacks roots and 
terminates into a tuber from which an aerial shoot and roots are formed, called a 
ramet. During the first growing season each new ramet potentially forms three 
rhizomes. At the end of the growing season the above-ground parts die-off. 
Scirpus maritimus overwinters by means of the tubers. Unlike other emergent 
macrophytes the expansion (rhizomes) and storage function (tubers) are 
separated. In early spring the reserve-carbohydrates enable the species to produce 
shoots under anaerobic soil conditions (Crawford, 1992). 
MATERIALS AND METHODS 
Experimental design 
In 1989, seeds were collected from an isolated S. maritimus stand in 
Hollandsen Diep (The Netherlands) and stored in demineralized water at 4°C. In 
April 1990, seeds were germinated in Petri dishes at 30/10°C and 12h light/12h 
dark. In May 1990, 40 seedlings were planted in 0.6 1 Jiffy pots containing a 
mixture of sand and potting soil (2/1 v/v) and placed in a greenhouse. The water 
level was manually kept waterlogged. After nine days of growth the plants were 
randomized over four groups of ten plants each and placed outside in containers 
under a glass roof. 
Four adjacent outdoor ponds of 4 m χ 4 m were filled with a layer of 30 cm 
of humous black sand with a top layer of 5 cm of river sand to avoid 
resuspension of organic particles. At June 12 1990, six weeks after germination, 
four uniform medium sized plants from each group of the pre-culture were 
selected and planted in the ponds. The minimum distance between each plant was 
2 m. Hereafter, the ponds were filled with tap water until a level of 0 
(waterlogged), 10,20 or 30 cm water depth. Water was replenished every other day. 
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Measurements 
Weekly, newly emerged ramets were labelled and the shoot lengths as well as 
the numbers of leaves of all ramets were recorded. At the end of August 1990, 
11 weeks after planting in the ponds, plants were harvested. The below-ground 
plant parts were exposed by washing the sand away. The rhizomes were 
considered to belong to the ramet from which they were initiated. The length of 
each single rhizome was measured. The sequence of rhizome-initiation could not 
be determined. The ramets were separated into shoot, tuber, roots and rhizomes. 
For each shoot the length and the width of the longest leaf was measured and 
shoots were divided into stems with leaf-sheaths, emerged and submerged leaves. 
Of each fifth labelled shoot the leaf area of leaves below and above the water 
level was measured, using a leaf area meter (TFDL, Wageningen, The Nether­
lands). To calculate the percentage of dry weight, the tubers were weighed fresh 
and dry after drying at 70° С until constant weight. All other plant parts were 
only weighed when dry. 
Data analyses 
Growth characteristics of the whole clone were analyzed by one-way ANOVA 
with water depth as the single factor. Differences between means were 
subsequently calculated using the Least Significant Difference (LSD) procedure 
(Sokal and Rohlf, 1981). Two-way ANOVA's with water depth and with ramet-
generation as a within clone repeated factor were calculated, using the Repeated 
Measures Analyses of Variance method (SPSS-procedure M ANOVA, Norusis, 
1986). To find out whether linear or quadratic trends in growth characteristics 
were apparent the sum of squares of the main effects water depth and ramet-
generation were decomposed using polynomial contrasts. Polynomial contrasts of 
interactions were not calculated, as we think that they do not clarify the results 
any further. 
The relative growth rate of shoots was determined by fitting a logistic growth 
curve. Per ramet-generation within clone the mean weekly length increment was 
calculated and thereafter fitted using the logistic formula: 
A, = К / (1 + q * exp(n)) (Causton and Venus, 1981) 
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where A, is the length at time t, К is the asymptotic maximum value for A,, q is 
an integration constant determining A, at t=0 and г is the instantaneous 
'unrestricted' growth rate. 
The rhizome lengths were divided into 8 classes of 5 cm length each, to test 
the effects of water depth and ramet-geneiation on the distribution of rhizome 
lengths. Differences between distributions were calculated by log-linear analysis 
of goodness of fit (Sokal and Rohlf, 1981), using SPSS procedure 
HILOGLINEAR (Norasis, 1986). Thereafter, differences between distributions 
were tested using the Kolmogorov Smirnov two sample test. 
RESULTS 
Growth characteristics analyzed for the whole clone 
At the low water depths 0 (waterlogged) and 10 cm S. maritimus clones 
showed a higher dry matter production and a higher number of produced ramets 
than at water depths of 20 and 30 cm (Table 1). In all instances only a small 
number of tubers without shoots were present, which were mainly formed at the 
end of the growing season. 
Shoots were shorter at 0 than at 10 cm water depth and more (Table 1). 
Differences in leaf shape were not related to water depth. The leaf area ratio 
(LAR) and specific leaf weight (SLA) of emerged and submerged leaves were not 
different and remained unaffected by water depth (data not shown). After pooling 
the data of 0 and 10 cm and of 20 and 30 cm water depth, the LAR of emerged 
leaves was lower in deep than in shallow water (P < 0.05). 
The ramet dry weight and the specific rhizome weight (SRW) were positively 
related to the dry weight of the whole clone, whereas dry weight of tubers did 
not differ between water depths (Table 1). With increasing water depth the clones 
invested relatively less dry matter in roots, however, this did not result in a 
significant increase in allocation of dry matter to other plant parts. 
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Table 1. Growth characteristics of S. maritimus clones, grown at 4 different 
water depths (n=4). Differences between means are indicated with different 
letters (P < 0.05). Abbreviations: LAR = leaf area ratio: eLAR = LAR of 
emergent leaves: SLA = specific leaf area: SRW = specific rhizome weight. 
Whole clone 
no. remets 
no. remet generations2 
no. tubers without shoots2 
no. rhizomes2 
dry weight' (g) 
Shoot morphology 
shoot length2 (cm) 
leaf length/width3 
LAR3 (cm/g) 
% emerged leaf* 
eLAR3 (cm2/g) 
SLA3 (cm2/g) 
Ramet characteristics 
remet dry weight' (g) 
% leaf 
% stem3 
% rhizome3 
% tuber3 
% roots3 
dry weight per tuber' (g) 
length per rhizome2 (cm) 
dry weight per rhizome' (g) 
SRW (mg/cm rhizome)' 
0 cm 
65.5 be 
6.50 be 
12.5 be 
85.5 be 
180.5 b 
27.4 a 
48.2 b 
20.9 a 
100.0 
20.9 a 
107.4 a 
2.41b 
18.8 a 
26.7 a 
7.1 a 
35.0 a 
2.4 b 
0.69 a 
9.5 a 
0.14 b 
14.47 be 
10 
103.3 
6.75 
17.0 
128.0 
263.7 
39.5 
23.1 
32.5 
88.4 
28.5 
117.3 
Water depths 
cm 
с 
Í с 
с 
с 
Ь 
b 
а 
а 
а 
а 
2.51b 
27.3 
31.2 
7.9 
27.7 
5.9 
0.63 
10.5 
а 
а 
а 
а 
ab 
> а 
а 
0.17 b 
15.07 'с 
2 0 cm 
28.5 ab 
5.50 ab 
7.5 ab 
34.8 ab 
57.8 a 
37.7 b 
59.5 b 
22.5 a 
70.1 
15.7 a 
118.2 a 
1.82 a 
18.6 a 
29.6 a 
3.3 a 
44.8 a 
3.8 a 
0.55 a 
7.9 a 
0.05 a 
5.99 ab 
30 cm 
14.0 a 
4.50 a 
1.3 a 
16.8 a 
26.2 a 
47.1 b 
54.1 b 
25.4 a 
55.2 
13.8 a 
100.7 a 
1.75 a 
25.3 a 
38.2 a 
2.2 a 
31.7 a 
2.7 a 
0.51a 
8.9 a 
0.04 a 
3.77 a 
1
 after ln-transformation;2 after sqrt-transformation; 3 after arcs sqrt-transformation; 
4
 no statistics applied 
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Clonal architecture 
Most rhizomes were produced in the fourth and fifth ramet-generation (Fig. 
1A). An increase in the total number of rhizomes per ramet-generation can be 
expected, since each mother-ramet can produce maximally three rhizomes 
terminating in three daughter-ramets during the first growing season. Each 
daughter ramet in its turn is able to produce another three rhizomes. The 
branching intensity was considerably higher in shallow than in deep water (Fig. 
IB). To test whether differences in branching intensity were solely due to 
differences in clonal expansion rates the distribution of the first IS ramets (being 
the number of ramets present at the end of the experiment at 30 cm water depth) 
over the ramet-generations were tested, using a j^-test. This resulted in non­
significant differences (χ2=20.2, df=15, P=0.17). 
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Figure 1. The mean numbers of 
rhizomes per ramet-generation (A) 
and the mean numbers of rhi-
zomes per ramet of each ramet-
generation (B) at water depths of 
0 (waterlogged), 10, 20 and 30 
cm (n=4). 
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No plasticity or ontogenetic differentiation in the mean rhizome lengths was 
present (Table 2; Fig. 2B). However, the distribution in rhizome-lengths was 
strongly ontogenetically determined (Fig. 3). Ramets produced one relatively long 
rhizome and two shorter ones. The length of the longest rhizome increased with 
increasing ramet-generation number, while the length of the shortest rhizome 
decreased. The middle rhizome remained unchanged. Although it was not 
possible to determine the exact sequence of rhizome initiation, in all ramet-
generations except for the first one, the longest was also the first one produced. 
Due to this high variance in rhizome lengths per ramet (Fig. 3) and the 
differences in branching intensity between water depths and ramet-generations 
(Fig. IB) the distribution of rhizome lengths differed widely between water 
depths and ramet-generations (Table 3). In analogy with the calculation of 
differences in branching intensity, the distribution of lengths of the first IS 
rhizomes did not differ, however, between ramet-generations (χ 2=21.9, df 15, 
P=0.11). 
Table 2. F-values and significance of an ANOVA of five growth characteristics calculated 
for four successive ramet-generations grown at four water depths. Ramet-generation was 
analyzed as a within clone repeated factor. SRW = specific rhizome weight. 
water(w) 
linear 
quadratic 
generation(g) 
linear 
quadratic 
w x g 
df 
3/12 
1 
1 
3/36 
1 
1 
9/36 
ramet 
dry weight 
0.8 ns 
0.9 ns 
0.9 ns 
42.1 *** 
68.6 *** 
8.9** 
2.0 ns 
rhizome 
length 
3.0 ns 
0.8 ns 
0.S ns 
2.2 ns 
4.4 ns 
0.2 ns 
0.7 ns 
SRW 
4.8* 
14.2 *** 
0.2 ns 
59.9 *** 
85.6 *** 
5.7* 
3.1 •* 
tuber 
dry weight 
3.0 ns 
6.3* 
4.5 ns 
151.5 *** 
193.3 *** 
108.5 *** 
0.48 ns 
fresh weight 
3.4 ns 
6.0* 
3.2 ns 
240.9 *** 
405.9 *** 
86.5 ** 
1.6 ns 
ns=not significant; * Ρ <0.05; ** Ρ < 0.01; *** Ρ < 0.001 in this and subsequent tables 
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Growth of ramets 
The maximum shoot length (K) increased linearly in response to increasing 
water depth (Table 4). The shoot length at the appearance date of the first 
daughter-ramet was affected by an interaction between water depth and ramet-
generation, but there was a strong increase in shoot-length with increasing water 
depth when ramet-generations were pooled. The length growth rate of the ramets 
(r) remained unchanged, but tended to be higher at medium water depths. 
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Figure 2. Means (± s.e.) of total dry weight (A), length per rhizome (В), specific rhizome 
weight (SRW) (С), and dry (D) and fresh (E) weight of tubers of different ramet-generations 
at four water depths (n=4). 
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1 2 3 4 1 2 3 4 1 2 3 4 
ramet-generation 
Figure 3. Mean lengths (± s.e.) of the 
longest, middle and shortest rhizome of 
ramets with 3 rhizomes given for four suc­
cessive ramet-generations and pooled for 
the four water depths. (Generation 1 n=16; 
generation 2 n=18; generation 3 η=29; 
generation 4 n=33). 
Table 3. Differences between distributions 
of rhizome lengths of S. maritimus as 
affected by water depth and ramet-genera­
tion. (A) Significance of G-values. (B) 
Significant differences between distribu­
tions (Kolmogorov-Smirnov two-sample 
test); Pairs of water depths and ramet-
generation numbers followed by the same 
letter are not significantly different (P < 
0.05). 
(A) Treatment df 
water χ generation 
water 
generation 
126 
21 
42 
G-values 
95.1 ns 
51.1 •** 
95.0 *+* 
(B) water 
0 cm a 
10 cm a 
20 cm b 
30 cm с 
ramet-generation 
1 a 
2 b 
4 b 
5 c 
6 c 
Ramets and ramet parts differed in plasticity and the amount of ontogenetic 
variation (Table 2). Total ramet dry weight remained unresponsive to water 
depth, whereas in the first four ramet-generations it increased with increasing 
ramet-generation number. The youngest ramet-generations consisted mainly of 
not yet full-grown ramets and, as a result, dry weights were lower than those of 
the older ones (Fig. 2A). While mean rhizome lengths remained unchanged, the 
specific rhizome weight (SRW) was changed by an interaction between water 
depth and ramet-generation (Table 2). Generally, the SRW decreased linearly 
with water depth and increased linearly with ramet-generation number (Table 2; 
Fig. 2C). No significant differences between water depths were apparent in the 
fresh and dry weights of the tubers of the first four ramet-generations, but an 
overall tendency was that tuber weights decreased linearly with increasing water 
depth (Table 2; Fig. 2D and E). With increasing ramet-generation number tuber 
weight increased. The combination of a linear and quadratic effect indicated that 
this increase slowed down in the later formed ramet-generations. The differences 
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between dry and fresh weights of tubers became larger in the fifth and subsequent 
tuber-generations, probably because the tubers of the youngest ramet generations 
were not yet maximally filled with carbohydrates at the harvest date, and as a 
result had a lower dry weight percentage (Fig. 4). 
Table 4. (A) F-values and significance of an ANOVA of the length 
increment parameters K, and r, which were calculated using a logistic 
growth curve, and of the length at the appearance date of the first 
daughter ramet of the second, third, and fourth ramet-generations. Ramet-
generation was analyzed as a within clone repeated factor (B) Differences 
between water depths after pooling of ramet-generations. Differences are 
indicated with different letters (P < 0.05). Mother ramet: К = asymp­
totic maximum length of the shoot and г = the instantaneous length 
growth rate. Lengths were tested after sqrt- transformation. The 
untransformed data are shown. 
(A) 
water (w) 
linear 
quadratic 
generation (g) 
linear 
quadratic 
w χ g 
(В) Waterdepth 
0 cm 
10 cm 
20 cm 
30 cm 
df 
3/10 
1 
1 
2/20 
1 
1 
6/20 
К 
(cm) 
5 . 3 * 
10.4* 
0.1 ns 
0.7 ns 
0.0 ns 
2.0 ns 
1.2 ns 
37.9 a 
48.9 b 
50.2 b 
56.3 b 
r 
(day') 
1.9 ns 
0.1 ns 
5 . 3 * 
0.0 ns 
0.0 ns 
0.0 ns 
2.2 ns 
1.05 a 
1.34 a 
1.19 a 
1.02 a 
length at appearance date 
first daughter-ramet (cm) 
7.7** 
19.2 ** 
0.3 ns 
2.2 ns 
6 . 8 * 
0.1 ns 
3 . 6 * 
30.2 a 
40.7 b 
42.5 b 
49.2 c 
Plastic responses and ontogenetic differentiation changed the proportional 
allocation of dry matter differently (Table 5). With increasing water depth the 
allocation to stems increased at the expense of rhizomes and roots (Fig. SB, С 
and £ ) . In later ramet-generations, however, the allocation to leaves and 
rhizomes dropped sharply, whereas that to tubers increased (Fig. 5A, С and D). 
The allocation to roots was lower in the second than in the first and third ramet-
generation (Fig. SE). Examination of the data of later ramet-generations revealed 
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that, besides the first ramet-generation, an increase in allocation to roots appeared 
to occur in later ramet-generations. 
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Figure 4. Percentage dry weight of 
tubers (± s.e.) per week of soil emerg­
ence pooled for the four water depths. 
The number of observations is given 
above the bars. 
Table 5. F-values and significance of an ANOVA of the proportional dry matter allocation 
to different ramet-parts calculated for the first three ramet-generations of S. maritimus grown 
at four water depths. Ramet-generation was analyzed as a within clone repeated factor. All 
data were arcs sqrt transformed prior to analyses. 
water (w) 
linear 
quadratic 
generation (g) 
linear 
quadratic 
w χ g 
df 
3/10 
1 
1 
2/20 
1 
1 
6/20 
% leaf 
1.2 ns 
0.0 ns 
2.5 ns 
33.1 *** 
50.4 **• 
1.0 ns 
2.1 ns 
% stem 
5.7* 
11.4** 
2.9 ns 
2.4 ns 
3.7 ns 
0.2 ns 
0.4 ns 
% rhizomes 
4.7* 
7.7* 
3.8 ns 
6.3** 
8.0* 
0.5 ns 
0.5 ns 
% tubers 
1.1ns 
0.4 ns 
0.7 ns 
50.2 *** 
57.7 *** 
18.7 *** 
1.4 ns 
% roots 
12.7 *** 
37.7 •** 
1.8 ns 
9.9** 
0.1 ns 
56.4 *** 
1.0 ns 
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Figure 5. Proportional allocation (± s.e.) of dry matter to leaves (A), stems (B), rhizomes 
(C), tubers (D) and roots (E) of the first three ramet-generations at four water depths (n=4). 
DISCUSSION 
Growth of whole clones 
Total dry weight and the size of S. maritimus clones tended to be higher at 10 
than at 0 cm (waterlogged) water depth. This contradicts the expectation that total 
dry weight production will be lower with increasing water depth. However, other 
abiotic factors, like soil density, may be affected by water depth as well (Grace, 
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1989). At 20 and 30 cm water depth, growth of the clones was reduced. The 
delayed initiation of rhizomes, rather than a slow growth rate of the ramets 
themselves seemed to be the main factor involved in the reduced clonal growth of 
S. maritimus in response to water depth. Waters and Shay (1991) have also found 
that the emergence of Typha glauca from the soil surface was delayed in deep 
water, but not the rate of length increment of the shoots. The initiation of new 
rhizomes was probably slowed down by an increase in demand of resources by 
the first daughter-ramet. When mother-ramets can support only one developing 
daughter-ramet at a time, the more or less simultaneous production of slow 
growing sister-ramets will be counterproductive for the clone (Hutchings and 
Mogie, 1990; Price et al., 1992). The suppression of rhizome initiation under 
resource-poor conditions is a common feature in clonal plants, irrespective of 
clonal strategy (Watson, 1984; Slade and Hutchings, 1987; Wein et al. 1988; De 
Kroon and Knops, 1990; Hutchings and Mogie, 1990; Métly et al., 1990). 
Clonal architecture 
Scirpus maritimus showed a high plasticity in branching intensity, but not in 
rhizome-lengths. As differences in branching intensity were only due to 
differences in clonal growth rates, it can be stated that clonal architecture did not 
change in response to water depth. Such unresponsiveness conforms to the 
phalanx growth strategy (Lovett Doust, 1981; Schmid, 1985; Menges, 1987; De 
Kroon and Knops, 1990). 
The increase in the length of the longest rhizome and the decrease of the 
lengths of the shortest rhizome initiated from one ramet with increasing ramet-
generation is remarkable. Like in Brachypodium pinnatum (De Kroon and Knops, 
1990) and in Carex bigelowii (Carlsson and Callaghan, 1990) new rhizomes of S. 
maritimus are predominantly initiated by ramets that originate from long 
rhizomes (O.A. Clevering unpublished results). In these species, the long 
rhizomes can be considered as colonizers, that explore new area at the perimeter 
of the clone and the short rhizomes as consolida tors, maintaining the occupied 
territory (De Kroon and Knops, 1990). 
Morphology of shoots 
A positive response of shoot height to water depth is a common feature in 
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emergent macrophytes (Lieffers and Shay, 1981; Yamasaki, 1981; Grace and 
Wetzel, 1982; Grace, 1989). Scirpus maritimus appeared to be more plastic in 
the elongation of leaf-sheaths and stems than in leaf shape and SLA. This 
response resembles that of shade-avoiding terrestrial species, which are 
competing for light and/or try to overtop a canopy. In such species changes in 
leaf characteristics seem to be less obvious (Grime and Jeffrey, 1965; Wein et al. 
1988; Voesenek and Blom, 1989; Dale and Causton, 1992). Although the 
elongation response of S. maritimus shoots resembles that of shaded plants, the 
elongation of submerged S. maritimus shoots is probably mediated by ethylene, 
whereas elongation of shaded shoots will be strongly affected by the red to farred 
ratio and mediated by e.g. auxins (Voesenek and Blom, 1989; Hutchings and 
Mogie, 1990). 
Dry matter production and allocation of ramets 
Differences in dry matter production and allocation of ramets were only partly 
the result of plastic responses, as also large ontogenetic differences were present. 
In most instances no interactions between plasticity and ontogeny were present. 
The interactions which were present, did not point towards an underlying growth 
strategy. Since the experiment was conducted in outdoor ponds, it is possible that 
interactions are due to differences in climatic conditions during ramet-appearance. 
Plasticity - The lack in plasticity in total dry weight of S. maritimus ramets 
resembled that of the shallow-water species Typha latifolia. In contrast ramets of 
the deep-water species T. domingensis were taller with increasing water depth 
(Grace, 1989). Also, the trade-off in dry matter allocation between stems and 
roots was found in T. latifolia, but was not present in T. domingensis (Grace, 
1989). This trade-off resembled that of shade-avoiding species that try to overtop 
a canopy, as in contrast to shade-tolerant species, which invest more dry matter 
in leaves (Slade and Hutchings, 1987; Lambers and Poorter, 1992). 
In 5. maritimus the decrease in proportional dry matter allocation to rhizomes 
with increasing water depth was to a large extent due to a lower branching 
intensity, and less to a lower specific rhizome weight (SRW). This plasticity in 
SRW does not seem to be related to a particular growth strategy (Slade and 
Hutchings, 1987; De Kroon and Schieving, 1990). Although S. maritimus showed 
no significant differences in tuber weight between water depths, there was an 
overall tendency that tuber weight decreased in response to an increased water 
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depth. This may be related to a lower SRW with increasing water depth. Also, 
the low plasticity in the size of storage organs resembled the shallow-water 
species T. lat ¡folia. In contrast, the deep-water species T. domingensis increased 
the size of the storage organs with increasing water depth (Grace, 1989). 
Ontogenetic differentiation - The increase in ramet size with the size of the 
whole clone has also been found in the emergent macrophytes T. latifolia and T. 
angusti/olia (Grace and Wetzel, 1982) and in Solidago species (Bradbury and 
Hofstra, 1976; Cain, 1990) and might be a common feature in clonally growing 
species. Differences in the proportional allocation to rhizomes may be solely due 
to differences in branching intensity and not to differences in SRW between 
ramet-generations. In order to test this, the dry weight of the single rhizomes was 
plotted against the dry weight of ramets. The intercept with the y-axis did not 
differ significantly from zero (df 1/344; F=0.8; P=0.424), indicating that the 
proportional allocation of dry matter to the single rhizomes was independent of 
the size of ramets (Samson and Werk, 1986). 
The trade-off in allocation to leaves and tubers with roots could be mediated 
by environmental conditions such as temperature or photoperiod (Bartley and 
Spence, 1987). However, in that case one would expect that ramets, belonging to 
the same ramet-generation, growing in deeper water are relatively larger than 
those in shallower water. As this was not the case the trade-off between leaves 
and tubers with roots seems to be ontogenetically determined. This trade-off may, 
however, eventually terminate clonal growth, because finally the rate of 
photosynthesis and maintenance respiration will be in balance, resulting in no 
carbon gain. A similar trade-off in the above- to below-ground ratio from early to 
late summer was found in adult clones of S. maritimus var. paludosas (Lieffers 
and Shay, 1982b). This species formed large tubers at the outer perimeter of the 
clone. In the next growing season these large tubers enabled a fast colonization of 
new area. However, in. mature plants the occurrence of relative large tubers at 
the perimeter can also be explained by a high intra-specific competition at the 
centre of a clone. 
Clonal growth strategy of 5. maritimus 
The growth strategy of S. maritimus in response to water depth conformed to 
the phalanx strategy (Lovett Doust, 1981) in all investigated traits. Scirpus 
maritimus is highly productive at low water depths. The clonal architecture did 
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not change in response to water depth, whereas the species showed plastic 
responses in morphology and allocation of dry matter (Table 6). The phalanx 
growth strategy may be especially widespread in emergent macrophytes forming 
dense mono-specific stands (Grace and Wetzel, 1981a; Dickerman and Wetzel, 
1985; Hara et al, 1993). De Kroon and Schieving (1990) divided the phalanx-
strategy into the conservative strategy for species from resource-poor habitats and 
the consolidation strategy for species from resource-rich habitats. 
Table 6. Summary table to explain the observed variation in growth characteristics of S. 
maritimus clones grown at four different water depths. Highly plastic or ontogenetically 
different denote P-values < 0.01. 
Growth characteristics 
Clonal architecture 
Rate of rhizome initiation 
Rhizome length 
Morphology of shoots 
Shoot length 
Length increment rate 
Morphology leaves 
Dry matter (allocation) 
Ramet dry weight 
SRW 
Tuber weight 
% leaf 
% stem 
% rhizomes 
% tubers 
% roots 
Plasticity 
- Highly plastic 
- Not plastic 
- Plastic 
- Not plastic 
- Not plastic 
- Not plastic 
- Plastic 
- Not plastic 
- Not plastic 
- Plastic 
- Variation is due to 
- Plasticity in SRW 
- Not plastic 
- Highly plastic 
Ontogenetic differentiation 
- No differentiation 
- High within ramet differentiation 
- Not within first three ramet-generation, 
but length may increase in later 
generations 
- No differentiation 
- Not determined 
- High differentiation 
- High differentiation 
- High differentiation 
- High differentiation 
- No differentiation 
plasticity in rhizome initiation 
- High differentiation 
- High differentiation 
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Clonal growth of S. maritimus, however, did not conform clearly to one of these 
strategies. De Kroon and Schieving (1990) e.g. predicted that species with a 
conservative strategy increase their runner length and the dry weight allocation to 
runners with increasing resource-availability, whereas species having the 
consolidation strategy are unresponsive. Scirpus maritimus, however, showed no 
response in runner length to water depth, but the allocation to runners was higher 
at low than at high water depths. Therefore, this subdivision of phalanx-growth 
strategy seems not appropriate for this species. 
The plasticity in morphology and biomass allocation of ramets enabled the 
species to emerge in deeper water. In deep water one would expect that the SRW 
and the tuber weight are higher than in shallow water. Therefore, the species as 
such does not seem to be well adapted to a high water depth and seems to 
conform the growth strategy of the shallow-water species T. latifolia (Grace, 
1989; Chapter 4 and 6). Scirpus maritimus may also be considered a shallow 
water species, as it has its optimal occurrence in water less than 90 cm deep 
(Dykyjová, 1986; Hejny, I960). This is much lower than that of other emergent 
macrophytes, such as the closely related Scirpus lacustris (Bakker, 1954) and the 
succeeding species Phragmites australis (Haslam, 1972). 
It is worthwhile to investigate whether there is a relation between the 
allocation to perennating organs and the occurrence in deep water of other 
emergent macrophytes. The present paper showed that ontogenetic differentiation 
is of paramount importance for the clonal expansion of S. maritimus in deeper 
water (Table 6). Since plasticity in S. maritimus ramets was low, and directed 
towards the emergence and not on perennating in deeper water, the sequential 
increase in ramet-size rather than plasticity may enable clones to counteract 
increasing stress when growing into deeper water. 
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6. GROWTH, PHOTOSYNTHESIS AND CARBOHYDRATE 
UTILIZATION IN SUBMERGED SCIRPUS MARITIMUS DURING 
SPRING GROWTH 
ABSTRACT 
Underwater photosynthesis may supply submerged shoots of emergent macrophytes with 
both 0 2 and photosynthates. The importance of underwater photosynthesis and the use of 
reserve-carbohydrates was assessed in submerged Scirpus maritimus during spring growth. 
Submerged plants were followed in outdoor ponds (90 cm deep) using different initial tuber 
sizes (mean 8.9 and 16.2 g fresh weight) and different light levels (0, 40, 70 and 100% of 
full daylight). After shoot emergence the recovery from shading and darkness was studied. 
The submerged period was split up into the first four weeks (non-photosynthetic period) 
and the second five weeks (photosynthetic period). In the non-photosynthetic period the 
mean relative growth rate (RGR) remained unaffected by light level and tuber size, whereas 
in the photosynthetic period plants grown in full light or shade (70 or 40% of full daylight) 
had a mean RGR of 0.074 and in darkness of 0.051 day'1. In this latter period plants grown 
from small and large tubers had a mean RGR of respectively 0.0S6 and 0.077 day'1. During 
submerged growth, shoot length remained unaffected by light level and tuber size. Shoots 
grown in darkness were strongly etiolated, with a lower leaf appearance rate, but longer 
leaves than those grown in light or shade. 
After emergence shoot length as well as dry matter production were higher in plants 
grown previously in light or shade than in darkness, and higher in plants grown from large 
than from small tubers. 
The relative depletion rate of reserve-carbohydrates decreased with time, but remained 
unaffected by light level and tuber size. The efficiency of the conversion of reserve-
carbohydrates into newly formed biomass decreased with time, with a mean of 47% during 
the second part of the submerged period. The reserve-carbohydrates were replenished after 
the plants emerged. 
It was concluded that submerged shoots of S. maritimus were able to take up ample 0 2 
from the water for respiration. Although both underwater photosynthesis and tuber size had 
a large impact on total dry matter production, they did not affect the ability of S. maritimus 
to emerge from 90 cm deep water. 
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INTRODUCTION 
The ability of emergent macrophytes to cope with low oxygen concentrations 
of the environment is a major factor determining their occurrence (Crawford, 
1992). Research has been focused on the survival of perennating organs in 
anaerobic mud during the winter period on the one hand and on growth and 
survival in deep water during the summer period on the other. 
The ability of perennating organs to survive anaerobiosis may differ widely 
among species, e.g. Juncus effusus rhizomes survive only 4 days of anaerobiosis, 
whereas Scirpus marítimas tubers can survive nearly 3 months (Brandie and 
Crawford, 1987). The ability to survive without oxygen has a great adaptive 
value; during wintertime S. maritimus tubers can be completely covered with 
anaerobic mud, whereafter in early spring the tubers succeed in producing shoots 
that emerge from the soil, where access to oxygen is restored (Crawford, 1989). 
The ability to tolerate anaerobiosis during wintertime has been found to depend 
on the amount of reserve-carbohydrates and the metabolic conservation of these 
reserves (see e.g. Barclay and Crawford, 1982, 1983; Brandie and Crawford, 
1987; Crawford, 1989, 1992; Brandie, 1990). After plants have restored access 
to air, oxygen is transported to the below-ground parts, where it is used for root 
respiration and oxidation of the rhizosphere (Armstrong and Armstrong, 1988; 
Laan and Blom, 1990). In deep water the oxygen transport from shoots to below-
ground parts may be restricted by the length of the emergent part of the shoot 
(Yamasaki, 1984, 1987; Weisner, 1988, 1991). 
In contrast to the knowledge on survival and growth during winter- and 
summertime, little is known about the submerged shoot-growth of emergent 
macrophytes during springtime. Generally, it is assumed that the maximum water 
depth submerged shoots can overcome depends on the amount of reserve-
carbohydrates (Grace and Wetzel, 1982; Spence, 1982; Grace, 1989). Although 
the importance of the amount of reserve-carbohydrates seems obvious, no 
experimental studies are to date, which investigated the relationship between the 
amount of reserve-carbohydrates and the maximum water depth from which 
emergent macrophytes can emerge. Grace and Wetzel (1982) e.g. observed that 
Typha latifolia and T. angusti/olia had larger rhizomes if they grow in deeper 
water. In S. maritimus, however, the tuber size is determined by ontogeny rather 
than by water depth (Chapter 5). Besides the availability of reserve-
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carbohydrates, that of oxygen has also been found to be of major importance for 
submerged shoot growth of emergent macrophytes (Jordan and Whigham, 1988; 
Granéli, 1989). Plants which are not provided with oxygen from e.g. dead 
overwintering shoots, have to take up oxygen from the water or may produce 
oxygen by underwater photosynthesis. Underwater photosynthesis will supply 
plants not only with oxygen, but also with carbohydrates for shoot growth. 
Although Grace and Wetzel (1982) assumed that underwater photosynthesis 
contributes very little to the growth of submerged ramets of T. latifolia, it has 
been shown that underwater photosynthesis supplies a number of wetland species 
with both oxygen, and/or carbohydrates (Palada and Vergara, 1972; Gaynard and 
Armstrong, 1987; Laan and Blom, 1990; Voesenek et al, 1993). If underwater 
photosynthesis is an important phenomenon in spring, shoot growth of emergent 
macrophytes could be considerably retarded in turbid water. 
The present study was conducted using the emergent macrophyte Scirpus 
maritimus L. (synonymous to Bolboschoenus marítimas (L.) Palla). It occurs 
along the outer zone of emergent macrophyte vegetation, in fresh and brackish 
tidal areas as well as in inland waters (Hejny, 1960; Zonneveld, I960; Kotter, 
1961; Dykyjová, 1986). Within the group of emergent macrophytes S. maritimus 
is one of the most tolerant to anoxia of the substrate (Barclay and Crawford, 
1982). The species is able to emerge from deep water, obviously without the 
provision of oxygen from standing dead shoots. 
The aim of this paper is to assess the relative importance of photosynthesis and 
reserve-carbohydrates for the submerged shoot growth of S. maritimus. For this 
purpose a shading experiment was performed, using tubers from two different 
size classes. Growth, photosynthesis and tuber depletion rates were calculated for 
plants grown at different light levels. To assess whether ample oxygen was 
available for respiration, the efficiency of the conversion of reserve-carbohydrates 
into newly produced dry matter and respiration of plants grown in darkness were 
calculated. 
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MATERIALS AND METHODS 
Experimental design 
In February 1991, tubers of S. maritimus were collected from 3-year old 
clones, which were grown at Ventjagersplaten (the Haringvliet, The 
Netherlands). The clones were established from seed originating from a natural 
stand near Willemstad (Hollandsen Diep). Directly after the tubers were 
collected, dead stems were cut back close to the stem base and roots were 
removed. Stems were not completely removed to avoid bud damage. The tubers 
were split up into two size classes, small (8.9 ± 2.6 g fresh weight) and large 
(16.2 ± 2.8 g) tubers. Tubers were planted in 1 1 pots on a mixture of sand and 
potting soil (2:1 v:v). On March 9, the tubers were placed in two adjacent 
outdoor ponds at the University of Nijmegen with two blocks per pond and four 
plots of 1 χ 1 m2 within each block. The four plots received a different light 
level; 100, 70, 40 and 0% of full daylight. Tubers of both size classes were 
assigned randomly to the plots. Tubers which were shaded or grown in total 
darkness were placed under wooden frames ( l x w x h : 1 χ 1 χ 1.1 m3) covered 
with neutral density netting of different mesh width. Full darkness was obtained 
by opaque pvc sheeting. The ponds were filled with tap water up to a depth of 90 
cm. At each harvest date a total number of 32 tubers was harvested, namely 1 
sprouted tuber per size class per plot. 
Period of submergence - After buds started to sprout, plants were harvested 
weekly, during a period of nine weeks (March 20 - May 15, 1991). 
Period of emergence - After these 9 weeks of growth, about 80% of the 
remaining plants had reached the water surface. These plants were re-assigned 
randomly to different harvest dates for each tuber size class and plot. Plants were 
grown for another period of 6 weeks (May 15 - June 30, 1991) under full 
daylight conditions. In this period plants were harvested each fortnight. 
Light and temperature measurements 
To obtain absolute light values for the different shade levels, light-
measurements were made at the end of the experiment in two-fold in each plot at 
10, 30, 50 and 70 cm above ground level (LICOR photometer; LI-185B, Lambda 
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Instr. Corp., USA). Control measurements were made in air (above water level) 
after each underwater measurement. Hourly total radiation measurements (J/m2) 
were obtained from Meteo-consult Wageningen (station Terlet) for the period of 
submerged growth. These radiation measurements were converted to μιτιοί m 2 s"1 
(PAR) according to McCree (1972) and corrected for light levels in water for all 
shade-levels. To obtain corresponding temperatures for the underwater photo­
synthesis measurements, the water temperature was measured during the 
submerged period. 
Growth characteristics 
At each harvest, plants were carefully cleaned and fresh weight of tubers, as 
well as dry weights (dried at 70°C) of planted tubers, shoots, roots, rhizomes, 
newly formed tubers and ramets were determined separately. Ash-free dry 
weights of shoots were determined after drying at 70° С (until constant weight) 
and ashing at 550°С for four hours. At each harvest, the length of all shoots, the 
leaf appearance rate and the length of the individual leaves of the longest shoot 
were determined. 
Total soluble carbohydrates were determined after grinding the tubers 
following the method of Allen et al. (1974). They were extracted in 10 ml 3% 
HCl. Anthrone was used as a reagent. 
Photosynthesis 
Flooding shoots - Measuring photosynthesis of aerenchymous plants may be 
complicated because of the internal storage and/or cycling of 0 2 . This 
phenomenon can lead to an underestimation of the photosynthesis and respiration 
rate as has been found in Egeria densa (Sorrell and Dromgoole, 1986). Therefore 
the internal storage of oxygen by S. maritimus was studied by flooding the 
lacunae. Plants were grown submerged in a greenhouse in Heteren at 20°C. At 
the end of the day before photosynthesis was measured, whole plants were 
harvested and transported from Heteren to the lab (IHE Delft) in PVC-tubes of 
1 m length and 10 cm diameter filled with tap water. During the night in-between 
collecting and measuring, plants remained in these PVC-tubes. Before measuring 
photosynthesis the below-ground plant parts were removed and shoots were cut in 
parts of 30 cm. The flooding of the lacunae was achieved by placing the shoots 
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in a closed container filled with tap water. The air pressure was lowered until 
hardly any air was released from the cut shoot parts, using a manual vacuum-
pump. 
Photosynthesis was measured according to Hootsmans and Vermaat (1994). A 
100 1 aquarium was filled with tap water and 20 g NaHCO, was added to arrive 
at saturating inorganic carbon levels. The temperature was kept at 20°C. 
Photosynthesis was measured in 3 replicate closed systems, each consisting of a 
circulation pump, a perspex electrode chamber and a perspex tube of 30 cm 
length and S cm diameter, interconnected with pvc tubes. The perspex tubes were 
submerged horizontally in the aquarium and the tube surface was kept 1 cm 
beneath the water surface. The flow rate of the system was 1.5 1 min'1, using a 
Watson and Marlowe peristaltic pump. The shoot-parts were attached on a grid 
of 20 cm length which was placed in the perspex tubes. 
Measurements of oxygen concentration and temperature were carried out using 
a Clark type oxygen electrode (WTW EOI96) connected with a read-out unit 
(WTW ΟΧΙ 196). Data were registered every 10 seconds by a datalogger. Light 
was provided by a Philips 400 W ΗΡΓΤ metal halide lamp. Different light levels 
were created by changing the distance between lamp and aquarium and using a 
neutral density filter. After dark respiration, net-photosynthesis was measured at 
9 light levels between 25 and 500 /xmol m"2 s"1, starting with the lowest level and 
ending with the highest. Each incubation session took 20 - 30 min, and the 
systems were opened between the incubations, to replenish the medium. 
Pond experiment - Photosynthesis of flooded shoots of plants grown in the pond 
was measured in the 5th, 7th and 9th week, as it was assumed that the plants 
became photosynthetically active after the shoots started to develop green leaves 
in the 4th growth week. Handling and transporting plants from Nijmegen to Delft 
were done as before. During measurements of photosynthesis, the temperature 
was kept between 14 and 16°C, corresponding with the mean daily water temper­
ature during the period of submerged growth in the ponds. 
Data analyses 
Growth characteristics - For both the submerged and emerged period differen­
ces between treatments were calculated for all parameters according to a 
completely randomized block design (a three-way ANOVA) with factors time, 
light level and tuber size. All weights were In-transformed, lengths were sqrt-
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transformed and ratios arcsin-sqrt transformed. To obtain more replicate 
measurements leaf length of full-grown leaves of three successive harvest weeks 
were pooled prior to a two-way ANOVA, with light level and tuber size as 
factors. Differences among means were calculated with the Least Significant 
Difference (LSD) procedure (Sokal and Rohlf, 1981). In the period of submerged 
growth the mean relative growth rates (RGR) of the whole plant and of the 
above- and below-ground parts were calculated for each combination of tuber size 
and plot (light level). Because plants started to develop roots and became 
photosynthetically active in the 4th week, growth rates were calculated for the 
whole period and for the first 4 (non-photosynthetic period) and the second 5 
(photosynthetic period) weeks separately. Differences in growth rates were tested 
using a two-way ANOVA, followed by the LSD-procedure for testing differences 
among means. 
Extrapolating data - Reserve-carbohydrate depletion was estimated by fitting a 
first- and a second order polynomial on both untransformed and In-transformed 
data. The depletion of carbohydrates was slightly better described using a second 
order polynomial on untransformed than on In-transformed data. Therefore, a 
second degree polynomial on untransformed data was used to calculate the point 
of zero carbohydrates and the length of submerged plants at that time, for each 
combination of tuber size and plot (light level). Significant differences were 
calculated using a two-way ANOVA, followed by the LSD-procedure for testing 
differences between means. 
Conversion efficiency - The conversion efficiency (CE), the ratio of newly 
produced dry matter/used reserve-carbohydrates, was calculated using data from 
second degree polynomials fitted through data of newly produced dry matter and 
of reserve-carbohydrates of plants grown in darkness. 
Photosynthesis - 0 2 exchange rates were calculated according to Hootsmans and 
Vermaat (1994). The data were fitted using the rectangular hyperbola (the 
Michaelis-Menten model): 
P=Pm*I/(Km+I)-R 
in which (I) is the independent variable light, (P) the dependent variable net 
productivity, (Pm) is the maximum rate of gross productivity, (Km) the Michaelis-
Menten constant (light level where gross productivity is half of the maximum 
gross productivity (Pm)) and (R) is dark respiration. Differences between light 
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response curves of control and flooded shoots were calculated with light intensity 
at which photosynthesis was measured as a within shoots repeated factor, using 
the repeated measurement analysis of variance procedure (SPSS-procedure 
MANOVA; Norusis, 1986). 
In the pond experiment the model parameters Pm, Km and R and the light 
compensation point (LCP) were used for comparisons among treatments. Two-
way ANOVA's were performed with light level and census date as factors. Prior 
to the ANOVA, the data were In-transformed in order to reach homogeneity of 
variances. Differences among means were calculated by the LSD-procedure. 
Net-photosynthesis of shoots in the ponds was calculated using the hourly 
radiation data and the Pm, R, and Km-values obtained from the photosynthesis 
measurements in the lab. 
RESULTS 
Growth rates and morphology 
Growth rates - During the period of submergence the relative growth rates 
(RGR's) of total, above- and below-ground plant parts were significantly affected 
by a combination of light level and tuber size (Table 1). Between week 1 - 4, the 
plants were not yet photosyntheticalry active and had no roots. In this period no 
significant differences in dry matter production were present and the plants had a 
mean RGR of 0.077 day'1 (data not shown). Between week 4 - 9 , plants grown in 
full light and shade (70 and 40% of full daylight) became photosyntheticalry 
active. From week 5 onwards differences in dry matter production became 
apparent, leading to significant differences in mean RGR's (Table 2). In contrast 
to RGR changes with time (Table 1), mean RGR's were independently affected 
by light and tuber size (Table 2). The mean RGR's of the whole plant and of the 
above-ground parts were lower in plants grown in darkness than in light or 
shade, whereas the mean RGR of below-ground parts decreased with increasing 
level of shading. Mean RGR's were also lower for plants grown from small than 
from large tubers (Table 2). 
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Table 2. Submerged, photosynthetic period: F-values of an 
ANOVA and means of RGR's (day"1) of the whole plant, and 
above- and below-ground parts, respectively. Significant differences 
are indicated with different letters (P < 0.05). 
block 
light (1) 
size (s) 
1 χ s 
error (MS) 
light 
100 % 
70 % 
40 % 
0 % 
df 
3 
3 
1 
4 
24 
Total 
0.0 ns 
4.1 * 
9 . 5 * * 
0.4 ns 
2 x \0* 
0.077 b 
0.070 b 
0.075 b 
0.051 a 
Above-ground 
0.1 ns 
3 . 4 * 
9.5+* 
0.4 ns 
З х 1СГ* 
0.070 b 
0.065 b 
0.073 b 
0.049 a 
Below-gro» 
3 . 9 * 
25.2 *** 
10.0 ** 
0.3 ns 
2 x 10* 
0.0078 ( 
0.0067 1 
0.0056 1 
0.0023 Í 
size 
small 0.056 a 0.055 a 0.0049 a 
large 0.077 b 0.072 b 0.0064 b 
In the period of emergence, no significant interactions with time were present, 
so that the RGR's did not differ between treatments (Table 1). Dry weights were 
independently affected by time, light level (during the period of submergence) 
and tuber size (Table 1). Dry weight of plants grown in darkness in the previous 
period remained lower than that of plants grown in light (Fig. 1A) or shade (data 
not shown). In this period dry weights were more strongly affected by tuber size 
than by light (Table 1; Fig. 1A). In this period new tillers were produced, but no 
significant differences in tiller formation were present (data not shown). 
Morphology - In the submerged period the lengths of the first shoots did not 
differ among light levels and tuber sizes (Table 1). A lower leaf appearance rate 
of plants grown in darkness than in light or shade (Table 1 ; data not shown) was 
compensated for by the production of longer leaves (Fig. 2). After plants 
emerged, the length of the first shoot was independently affected by light level in 
the period of submergence and by tuber size (Table 1). In this period shoots 
which had grown previously at 40% of full daylight were longer than those which 
had grown in darkness. The lengths of the shoots grown at 100% and 70% of full 
daylight were intermediate (Fig. IB, for light and darkness only). The leaf 
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appearance rate remained unaffected by light (Table 1), whereas the length of 
leaves, which became full-grown after emergence was lower of plants grown in 
darkness than in light or shade in the period of submergence (Fig. 2). The first 
shoot was shorter (Fig. IB) with a lower leaf appearance rate (data not shown) 
when grown from small tubers than from large ones. In both periods tuber size 
had no effect on the length of full-grown leaves (data not shown). 
(A) 
• 1 0 0 % Itfit 
О 0 % light 
3 5 7 β 11 13 15 17 
submerged emerged submerge':! 
weeks 
•mor god 
Figure 1. Submerged and emerged period: (A) Total dry weight and (B) length increment of 
S. maritimus grown from small and large tubers in full daylight or darkness (n=4). Data of 
the submerged period (small circles) were fitted using second degree polynomials. Emerged 
period: Large circles. 
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Figure 2. Submerged and emerged period: 
Leaf length of full-grown leaves in full 
day-light and darkness. Data of three suc­
cessive census dates and tuber size classes 
were pooled. Leaves 4, 5 and 6 were full-
grown in the submerged period, leaf 7 
during emerging and leaves 8, 9 and 10 in 
the emerged period. Significant differences 
between light levels were calculated per 
leaf and indicated with different letters (P 
< 0.05: n=24). 
Depletion of carbohydrates, conversion efficiency, and maximum water depth 
The relative depletion rate was unaffected by light level and tuber weight 
(Table 1). Partitioning the sum of squares for the factor time showed that the 
relative depletion rate was best described using a second order polynomial (P < 
0.01), which indicated that the relative depletion rate increased with time. In both 
the submerged and emerged period the absolute as well as the relative (% of dry 
weight) carbohydrate content of the tubers remained unaffected by light level, 
whereas both were higher in large than in small tubers (Table 1; Fig. 3). After 
emerging carbohydrates were replenished, due to the translocation of newly 
produced photosynthates. 
submerged emerged weeks submerged emerged 
Figure 3. Submerged and emerged period: (A) Absolute amount of reserve-carbohydrates 
and (B) relative amount of carbohydrates (% of dry weight) of small and large tubers pooled 
for the four light levels (n=16). Data of the submerged period (small circles) were fitted 
using second order polynomials. 
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Extrapolating the curves of reserve-carbohydrates to the time of zero reserves, 
resulted in a time of 71 and 78 days for small and large tubers, respectively. 
These values were, however, not significantly different (t-test; df 1/30; F=0.35), 
and therefore data on tuber depletion of small and large tubers were pooled in 
order to calculate the efficiency of the conversion of reserve-carbohydrates and 
the maximum water depth shoots can emerge. 
The conversion efficiency of reserve-carbohydrates into newly produced dry 
weight of plants grown in darkness was only calculated for the last 5 weeks of 
the submerged period, because of the high variation in the amount of carbo-
hydrates present in the first weeks (Fig 4). The CE-value declined slowly in time, 
with a mean value of 0.47. 
The shoot length at that time of zero reserve-carbohydrates was calculated at 
about 120 cm (Fig. 5). 
g 3 
Sì 
M 
α 
3 
о used carbohydrates 
• new dry matter 
* CE 
160 
9 i l 13 15 17 
submerged emerged 
weeks 
E 
-С 
Figure 4. Submerged, photosynthetic 
period: Relationship between carbohydrate 
use and newly produced dry matter of 
plants grown in darkness (n=8). Data of 
dry weights were fitted using a second 
degree polynomial. The conversion effi­
ciency (CE) is given as the ratio newly 
formed dry matter/used carbohydrates. 
(The values at the time of zero carbohy­
drates were extrapolated). 
Figure 5. Submerged and emerged period: 
Reserve-carbohydrates (g) and length of 
the first shoot (n= 32). A polynomial of 
the second-degree was fitted to the data 
obtained from the submerged period. Sub­
merged period: small circles, emerged 
period: large circles. 
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Photosynthesis 
Flooding shoots - The light-response curves of control and flooded shoots differed 
significantly (Table 3) and are shown in Fig. 6. The values of gross photosynthesis 
(Pm) were higher of flooded than of control shoots (t-test; df 1/4; F=16.2; Ρ < 0.05), 
indicating that 0 2 was stored and/or recycled in the control plants. The Michaelis-
Menten constant (Km), dark-respiration (R) and the light compensation point (LCP) 
did not differ significantly between control and flooded shoots (data not shown), 
although the mean R and Km-values tended to be higher in flooded than in control 
shoots (Fig. 6). At the end of the experiment the storage of 0 2 in the lacunae of the 
flooded plants was checked by placing the stems again under low pressure. Only tiny 
bubbles were released from the stems, indicating that the lacunae were only slightly 
refilled with Oj. 
Table 3. F-values of an ANOVA on pho­
tosynthesis of control and flooded shoots 
of S. maritimus using light intensities as a 
within shoot repeated factor. Light inten­
sities with missing values were omitted 
from the analysis. 
df F-values 
flooding(f) 1/4 
light(l) 6/24 
f χ 1 6/24 
12.7* 
149.8 *** 
4.3** 
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Figure 6. Light response curves of control and 
flooded shoots of S. maritimus. 
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Pond experiment - Photosynthesis was measured of flooded shoots. Pm as well 
as R decreased with increasing age of the shoots (Table 4). Pm was not affected 
by light level, but R was higher in shoots grown in darkness than in light or 
shade. The net-photosynthesis of plants grown in darkness remained negative. In 
week 5 Km of plants grown in darkness was lower than in the other treatments, 
resulting in a significant interaction between time and light level. The LCP, only 
calculated of plants grown in light, did not differ among treatments (Table 4). 
During the photosynthetic period, plants in full daylight had a photoperiod of 13 
hours, those in 70% of full daylight of 12 hours and those in 40% of full daylight 
of 11 hours with a mean net-photosynthesis rate of 6.2, 8.8 and 5.4 μg 0 2 g"
1 
afdw min'1, respectively (Fig. 7). 
Table 4. Submerged, photosynthetic period: F-values of an ANOVA and means of Pm 
(maximum rate of gross photosynthesis), R (respiration), Km (the Michaelis-Menten 
constant) and LCP (light compensation point). Data were In-transformed prior to 
analysis. Differences among means are indicated with different letters (P < 0.05). 
(The untransformed data are shown). LCP could not be calculated for plants grown in 
darkness. (The significant interaction of Km originated from a different Km value of 
plants grown in darkness measured in week 5 compared to all other treatments). 
time (t) 
light (I) 
t x l 
error (MS) 
time 
week 5 
week 7 
week 9 
light 
100% 
70% 
40% 
0% 
df 
2 
3 
6 
22 
Pm 
18.9 *** 
1.3 ns 
0.S ns 
0.05 
η o2 g-
54.2 b 
48.2 b 
32.5 a 
40.8 a 
49.0 a 
46.0 a 
44.0 a 
R 
19.2 *** 
8.0 *** 
0.2 ns 
0.057 
' afdw min"' 
49.2 c 
40.5 b 
29.9 a 
32.8 a 
37.7 a 
36.5 a 
52.4 b 
Km 
5.7** 
3.1 * 
3 . 0 * 
0.501 
20.2 a 
31.1 b 
26.2 b 
22.9 ab 
30.2 b 
30.8 b 
19.6 a 
df 
2 
2 
4 
17 
LCP 
1.2 ns 
1.2 ns 
0.2 ns 
0.24 
/¿mol m'2 s'1 
127.9 a 
90.3 a 
144.6 a 
125.4 a 
90.8 a 
146.7 a 
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DISCUSSION AND CONCLUSIONS 
Growth characteristics 
Light availability did not affect the ability of S. maritimus to emerge from 90 
cm deep water, although after a period of 9 weeks of submerged growth, shoots 
grown in light (100% of full daylight) and shade (70% and 40% of full daylight) 
were twice as heavy, with a higher leaf appearance rate, and shorter leaves than 
those grown in darkness. In response to light exposure the etiolated shoots grown 
previously in darkness increased their dry weight/length ratio, resulting in a 
retarded length increment compared to those grown in light or shade. 
Also tuber size did not affect the ability of plants to emerge from 90 cm deep 
water, although during the period of submerged growth plants from large tubers 
produced 1.6 times more dry matter than those from small ones, which was allo-
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cated in similar proportions to the different plant parts. These differences in dry 
matter production were more or less of the same magnitude as the initial differ-
ences in tuber dry weight. Only in the emergent period when small tubers were 
almost completely depleted, length increment of shoots was lower in plants from 
small than from large tubers. In this period plants from small tubers allocated 
relatively more biomass to the first shoot than to secondary shoots as compared 
to plants grown from large tubers. Abortion of secondary shoots in deep water as 
has been found by Lieffers and Shay (1981) did not occur in the present study. 
The calculated maximum water depth of 120 cm from which S. maritimus can 
emerge using only reserve-carbohydrates is higher than the maximum water depth 
of 80 to 90 cm mentioned in Dykyjová (1986), but corresponds with the water 
depth the species just has been able to reach in outdoor basins (Coops and Smit, 
1991). It is likely that under field conditions, depending on the burial depth and 
occurrence of anaerobiosis in the soil, the maximum water depth will be lower, 
as carbohydrates may be partly used for emergence from the soil as well. In the 
above mentioned studies as well as in our study the submerged leaves of S. 
maritimus turned yellow as soon as the shoots emerged. The loss of submerged 
leaves may be functional, as it might be expected that the photosynthesis of 
emerged leaves is much higher. Submerged leaves would increase the total 
respiration, while contributing relatively little to photosynthesis. 
Photosynthesis 
The control shoots of S. maritimus probably accumulated 0 2 in the lacunae, 
resulting in an underestimation of gross-photosynthesis (Pm). Similar results were 
found in Egeria densa (Sorrell and Dromgoole, 1986). Although plants were 
measured at a relatively low temperature of 20 °C, high levels of oxygen might 
have accumulated in the control plants, leading to an increase in photorespiration 
with time (Hartman and Brown, 1967; Sendergaard, 1979; Рокоту and Ondok, 
1991). In this study no evidence for photorespiration has been found, as no 
decline in net-photosynthesis of control stems was found during the 
photosynthesis measurements. 
Photosynthesis of S. maritimus was measured at a pH of 8.2, which might 
have been suboptimal, as the concentration of free-CO, decreases with increasing 
pH (Sand-Jensen, 1983; Bowes, 1987; Boston et al., 1989). This pH, however, 
corresponds well to that of the field situation (De Lyon and Roelofs, 1986; J.E. 
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Vennaat, unpublished results). According to Beer et al. (1991) Scirpus lacustris, 
closely related to S. maritimus, is unable to use HCGy, and Sand-Jensen et al. 
(1992) concluded that a number of emergent and amphibious plants were unable 
to use HCOj' as an alternative C-source. Therefore, it seems unlikely that S. 
maritimus can use HCOy. Sendergaard (1979) and Salvucci and Bowes (1982) 
suggested that aerenchymeous species may increase the availability of C0 2 , by 
storing and refixing C0 2 in the lacunae, produced during photo- and dark-
respiration. 
The mean net-photosynthesis of 9.6 μ% 0 2 g'
1
 afdw min 1 (0.51 mg 0 2 g 1 dw 
h 1) of plants grown in light at 15°C and pH 8.2 is about 15 to 60 times lower 
than that of the relatively thin leaves of submerged macrophytes, but lies well 
within the range found for submerged terrestrial and amphibious species (Nielsen 
and Sand-Jensen, 1989; Sand-Jensen et al, 1992). In air the net-photosynthesis of 
emergent macrophytes is 10 à 30 times higher (McNaughton, 1973; Gloser, 
1978; Chapter 4) than the presently reported values for submerged S. maritimus. 
The mean respiration rate of S. maritimus grown in light or shade was within 
the range of respiration rates found for different submerged species (Nielsen and 
Sand-Jensen, 1989). Generally, photosynthetic characteristics of leaves of 
submerged plants resemble that of shade leaves of terrestrial plants, i.e. a low 
Pm, a low LCP (< 60 μιηοΐ m 2 s') and a low Km (Björkman and Holmgren, 
1963; Bowes and Salvucci, 1989; Sand-Jensen, 1983). In the present study the 
Km values are low and the LCP high as compared to those of submerged 
macrophytes (Hootsmans and Vermaat, 1994). The high respiration rate of plants 
grown in darkness is difficult to explain, especially because the tuber depletion 
rate did not differ among light levels. 
Due to the low light saturation point of submerged S. maritimus shoots, no 
differences in the mean daily net-photosynthesis of plants grown in 100 and 70% 
of full daylight were apparent. Differences were larger when compared with 
plants grown in 40% of full daylight, however, they were not reflected in 
differences in dry matter gain. 
Utilization of carbohydrates 
Also in the submerged macrophyte Potamogetón pectinatus it has been found 
that tuber depletion was independent of light level, however, in this species the 
relative depletion rate was higher in small tubers than in large ones (Vermaat and 
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Hootsmans, 1994). In both P. pectinatus and S. maritimus the relative reserve-
carbohydrate content (% of dry weight) was higher in large than in small tubers, 
probably caused by differences in the volume to surface ratio. Since, in S. 
maritimus the relative depletion rates were unaffected by tuber size, it might be 
expected that large tubers are depleted later in time than small tubers. Probably, 
due to relatively small differences in tuber sizes and a high variation in time of 
zero carbohydrates between replicate measurements this difference was, however, 
not significant. 
In P. pectinatus the absolute reserve-carbohydrate loss decreased with time 
(Van Vierssen et ai, 1994). In S. maritimus and other emergent macrophytes, 
such as Scirpus lacustris (Steinmann and Brandie, 1984b) and Typha glauca 
(Linde et al., 1976) reserve-carbohydrate loss increased with time. Since carbo-
hydrates were almost completely depleted during emergence in S. maritimus, 
there are no indications that carbohydrate loss would slow down during 
submergence. The high similarity in reserve-carbohydrate depletion of emergent 
macrophytes may reflect a comparable 'all or nothing' strategy in order to 
emerge from the water. 
It is unlikely that the growth of submerged 5. maritimus was retarded due to a 
lack of oxygen. Firstly, the respiration of shoots, measured as 02-uptake from the 
medium, was comparable to those of terrestrial and submerged macrophytes. 
Secondly, the conversion efficiency, although rather low, was well within the 
range found for terrestrial and for emergent species growing in shallow waters 
(Van Keulen, 1976; Fiala, 1978; Grace and Wetzel, 1982; Granéli et al., 1982; 
Lambers and Rychter, 1990). 
The utilization of photosynthates had a considerable impact on growth. The 
observed difference in RGR between plants in light or shade and darkness was 
0.018 day"1. Once tubers are depleted S. maritimus plants may be just able to 
survive under water, without showing any significant length increment, if a 
maintenance respiration of 0.011 day"1 of the newly produced dry matter at 15°C 
(Penning de Vries, 1983) is assumed to occur and if the proportion of non-
photosynthetic tissue is not too high. In due time, however, mortality will occur, 
because the rate of underwater photosynthesis will decrease with increasing plant 
age (Hootsmans and Vermaat, 1994). 
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Ecological implications 
In early spring, S. maritimus, like other emergent species (Maberly and 
Spence, 1989) tries to get access to air as soon as possible. In darkness shoots 
are etiolated and biomass production rather than the shoot length is reduced in 
response to low carbohydrate availability. Etiolation may have adverse side 
effects, like reduced mechanical strength and increased vulnerability to infection 
(Grime, 1966). In a greenhouse experiment (at 22eC) S, maritimus grown in 
darkness became infected by Pseudomonas sp. at the shoot-base. As a 
consequence the shoots died off (O.A. Clevering, unpublished results). This was 
not the case with plants grown in light. In the field shoots infected by 
Pseudomonas sp. were also found. Therefore, in the spring plants growing in 
turbid water may be more susceptible to wave action and diseases than plants 
grown in clear water. 
After plants have emerged from the water the submerged leaves turn yellow 
and, thus, photosynthates are only produced by emerged leaves. Scirpus 
maritimus is, however, unable to increase the total number of leaves before 
flowering (O.A. Clevering, unpublished results). Therefore with increasing water 
depth the photosynthetically active area will decrease, and thus the production of 
photosynthates. Furthermore, also an increasing proportion of the photosynthates 
will be used for the maintenance of non-photosynthetic tissue. Yamasaki (1984) 
and Weisner (1988) concluded that in deep water oxygen transport to the below-
ground parts may limit the occurrence of emergent macrophytes in deep water. In 
early spring, however, S. maritimus was able to take-up ample oxygen from the 
water. This ability may be lost, however, once the plants have emerged and lost 
their submerged leaves. 
The maximum water depth, at which emergent macrophytes occur at a 
particular site will depend on physiological adaptations, like the conservation of 
carbohydrates during wintertime (cf. Crawford, 1992), spring sprouting (this 
study) and the efficiency of oxygen transport to and utilization of oxygen by roots 
and the storage of carbohydrates during summertime (Weisner, 1988; Granéli, et 
al. 1992). However, morphological adaptations may be important as well. 
Although S. maritimus is well adapted to overwintering in anaerobic mud and 
shows submerged shoot growth without the provision of oxygen by overwintering 
dead shoots, the species occurs in shallower water than Phragmites ausiralis 
(Haslam, 1972), Scirpus lacustris (Seidel, 1955) and Typha angusti/olia (Grace 
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and Wetzel, 1982), which show less or similar physiological adaptations 
(Crawford, 1992). These latter species may form longer shoots and may be better 
able to elongate shoots in response to submergence. Therefore, Scirpus maritimus 
seems to be adapted to periods of oxygen deprivation rather than to growth in 
deeper water. 
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7. EFFECTS OF DETRITUS ACCUMULATION ON THE GROWTH 
OF SCIRPUS MAIUTIMUS 
ABSTRACT 
In The Netherlands, most former estuaries have been changed into non-tidal freshwater 
lakes. Compared to tidal areas, stagnant water bodies are much more subject to the 
accumulation of detritus (dead organic matter). Especially emergent macrophytes are known 
to form thick detritus-mats, which may have detrimental effects on their growth. The effects 
of accumulation of dead below-ground plant parts of Scirpus maritimus as well as 
interactions with nutrient availability on the growth of this species were investigated under 
greenhouse conditions. 
In the first experiment, dry weight of S. maritimus plants decreased with increasing 
thickness of a detritus mat covered by a layer of sediment; the position of the mat had only 
minor effect. In the second experiment, both a high amount and fragmentation of detritus 
strongly reduced growth. In both experiments, unfertilized seedlings with lowest dry weight 
showed the highest proportional dry matter allocation to roots. 
The supply of nutrients did not or only partly reduced differences in seedling growth 
between substrate types. In all instances the supply of nutrients strongly reduced the 
proportional dry matter allocation to roots, it increased N-, and K-concentrations in shoots, 
thereby reducing differences among substrate types. 
In most instances soil redox potentials indicated a reduction of iron, but iron 
concentrations in the shoots never reached toxic levels. 
The most likely explanation for the poor growth of S. maritimus in detritus is the release 
of toxic compounds into the substrate and oxygen deficiency of roots due to reduced 
substrate conditions. 
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INTRODUCTION 
Scirpus maritimus is an emergent macrophyte, occurring in both brackish and 
freshwater tidal as well as non-tidal areas. It is the first species to colonize 
exposed mud flats, where it may develop large mono-specific stands (Zonneveld, 
I960; Kotter, 1961). In The Netherlands, after the closure of the inner sea 
Zuiderzee in 1932 (now IJsselmeer) and the Haringvliet estuary in 1970, tidal 
water bodies have changed into large freshwater lakes with no, or a greatly 
reduced, tidal regime. Scirpus maritimus stands occurring in these water bodies 
have deteriorated due to the disappearance of the intertidal zone and due to the 
continuous wave-action at a constant level, resulting in the erosion of banks 
(Ferguson and Wolff, 1984; Kuijpers, 1985). At present, only small populations 
of S. maritimus occur along stabilized banks of the Haringvliet and in shallow 
'border' lakes between the old land and the reclaimed polders in the former 
Zuiderzee. In 1987, a project was started to investigate whether S. maritimus can 
be reintroduced successfully in these former tidal areas. The main question 
underlying this paper is whether stagnant water levels have an adverse effect on 
the long-term survival of S maritimus. 
Because of the very low decomposition rates of organic matter, the detritus 
(decaying plant material) may accumulate in stagnant waters (Patrick and 
Mikkelsen, 1971; Ponnampemma, 1972; Rowell, 1981). Seidel (1955) showed 
that under conditions of little sedimentation new rhizomes of Scirpus lacustris 
were formed directly on top of the accumulated older ones. In the long run this 
may result in the elevation of rhizome-mats above the sediment (Seidel, 1955). 
Such accumulations of detritus are obvious in circular S. maritimus stands in 
shallow lakes in the former Zuiderzee. These stands are probably clones and 
consist of a sparse shoot population. In some instances shoots are completely 
absent in the centre, resulting in ring-shaped stands. 
Accumulation of decaying plant material in the root zone may affect plant 
growth adversely under permanently waterlogged soil conditions. Adverse 
conditions in flooded soils have been related to reduced ability of soil penetration 
by roots, shortage of nutrients, or reduced soil conditions leading to anaerobiosis 
in roots, and to the release of toxic compounds during anaerobic mineralization 
of detritus (Table 1). 
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The adverse effects of the accumulation of detritus should be less in tidal than 
in stagnant waters, as the soil is better aerated, resulting in a higher oxygen 
supply to roots, a lower concentration of toxic ions, and a higher mineralization 
rate (Mendelssohn and Seneca, 1980; Odum, 1988). Furthermore, the tide 
deposits nutrient-rich silt between stems and, thus continuously providing the 
plants with new substrate. In the long run such sedimentation will however lead 
to the invasion of succeeding species, like Phragmites australis (Zonneveld, 
1960; Kotter, 1961). 
In this paper it was assessed whether poor growth of S. maritimus in non-tidal 
waters can be due to the accumulation of autogenous detritus, and if so whether 
this response is related to nutrient availability, or to physical or chemical 
properties of S. maritimus detritus. Growth of S. maritimus, in particular of the 
roots, was investigated using different amounts and particle sizes of detritus. The 
large particles of S. maritimus debris may adversely affect soil penetration, 
whereas decomposition rates may be much higher in fragmented debris, resulting 
in strongly reduced soil conditions (Ponnamperuma, 1972; Rowell, 1981; 
Pieczynska, 1993). Nutrients were supplied to assess whether growth of S. 
maritimus was constrained by a shortage of nutrients. Soil redox potentials were 
compared between treatments. As redox potentials turned out to be indicative of 
iron reduction, shoot and root iron-concentrations were measured in order to 
establish whether toxic levels were reached. The results are discussed in relation 
to the ecological consequences of changing tidal in stagnant water bodies for the 
long-term survival of S. maritimus. 
MATERIALS AND METHODS 
Site description 
A circular Scirpus maritimus stand (diameter 24 m) in Drontermeer was used 
for substrate collection. The central portion of the stand (20 m diameter) had died 
and a debris mat, consisting of dead S. maritimus roots, rhizomes and tubers, 
was buried under 5 to 10 cm of mineral substrate (hereafter referred to as 
sediment). Drontermeer is a shallow man-made lake between the old land and 
one of the new polders in the former Zuiderzee. Tidal movement is absent since 
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1932. In summer, the water level is 30 cm above and in winter at the soil 
surface. As a result, the accumulated detritus with S. maritimus shoots is partly 
exposed during wintertime. 
Effects of the thickness and position of a detritus mat, and of nutrient supply 
A pot-experiment was set up to study the effects of the thickness and position 
of detritus and sediment layers and of nutrients levels on growth and allocation of 
dry matter to different plant parts. 
Sediment and detritus mats, (mainly consisting of tubers (diameter 2 - 4 cm), 
but also dead roots, rhizomes and sediment, were collected from the S. maritimus 
stand. The thickness of the detritus mat in the pots was varied by filling the pots 
with layers of 0, 5, 10, 13, or 15 cm of this substrate. Pots containing less than 
15 cm of detritus were filled to a level of 15 cm with sediment. 
The effects of the position of the detritus mat was studied by situating a layer 
of 5 cm at the middle, at the bottom or at the top of the pots. As a control for the 
sediment applied, additional pots were filled with 15 cm of sediment from outside 
the stand. 
Three levels of nutrients were applied: no nutrients (zero), a low and a high 
level. The low level consisted per pot of 1.0 g Osmocote (23-0-0 NPK; 50% N-
NO3- and 50% N-NH/), 0.3 g Osmocote (0-0-45 NPK). In addition 0.1 g CaH-
P04.2H20, 0.1 g MgC03, and 0.4 g CaC03 were added in solid form. The high 
level contained three times as much nutrients as the low one. A 10 ml solution 
containing trace elements and Fe in proportions of, 28.6 mg H3B03, 18.1 mg 
MnCl2.4H20, 2.2 mg ZnS04.7H2O, 0.8 mg CuS04.5H20, and 1.3 mg 
Na2Mo04.2H20 and 0.35 g NaFe-EDTA (50 mg Fe3+) was added to each pot for 
both the low and the high nutrient level. Before filling pots (height 18 cm, 
volume 1.5 1) nutrients were placed at the bottom. The slow-release fertilizer 
types used here are active for 3 to 4 month at 21 °C. 
Stratified seeds of S. maritimus originating from a natural stand near 
Willemstad (Hollandsch Diep) were germinated in a germination chamber with a 
light/dark regime of 12h/12h (30/10°C). Results from earlier studies showed that 
seedlings from this population grew well in stagnant freshwater habitats 
(Clevering and Van Gulik, 1990). One week after germination, two seedlings 
were planted in each pot. The water level was maintained at 1 cm above substrate 
level by connecting each pot to one out of six independently operating float 
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systems filled with demineralized water. Two float systems were used per 
nutrient level, and the various substrates were randomized per nutrient level 
within five blocks, and one replicate per block. 
Plants were grown in a greenhouse in the spring with a day/night temperature 
of about 25/20°C. After 8 weeks of growth, plants in each pot were harvested 
and separated into shoots, rhizomes, tubers, and roots. From pots without 
nutrients and with the high nutrient level, roots were harvested separately for 
each 5 cm layer of substrate. Weights were determined after drying for at least 
48 hours at 70 °C. 
Effects of the amount and particle size of detritus, and of nutrient supply 
To study whether either the particle size of the detritus or the availability of 
nutrients inhibits plant growth, seedlings of S. maritimus were grown in different 
amounts of intact or fragmented detritus, with and without nutrient supply. 
Sediment and detritus mat material were collected as in the first experiment. 
The mat was torn apart and sediment was washed away by lap water. Half the 
detritus was fragmented (diameter < 6 mm) in a Hobart grinder. Both sediment 
and detritus were stored wet at 4°C prior to use. No nutrients were applied or 
before filling the pots 2 g Osmocote (23-0-0 NPK; 50% N-N03 and 50% N-
NH4+), 0.6 g Osmocote (14-14-14 NPK), 0.75 g Osmocote (0-0-45 NPK) were 
added to the bottom of pots. In addition, 0.2 g CaHP04.12H20 , 0.2 g MgC03, 
0.8 g CaC03 per pot were applied. Trace-elements and Fe were added as in the 
first experiment. 
Pots of 1 1 were filled either with 0.9 1 of sediment (control), sediment mixed 
mixed with intact detritus (2:1 v/v and 1:2 v/v) or sediment mixed with 
fragmented detritus (2:1 v/v and 1:2 v/v). The low and high mixtures with intact 
and fragmented detritus had corresponding organic matter percentages by dry 
weight. The plant material used originated from the same source as in the first 
experiment. One 1-week-old seedling was planted in each pot. The experiment 
was conducted in late summer in a greenhouse with a temperature of 23 ± 2 °C 
with a day length of 14 hours (natural daylight and additional illumination with 
Philips HLR£M00W lamps). The water level was kept manually at 1 cm above 
the substrate level, using demineralized water. The experiment consisted of 4 
blocks, with treatments randomized within blocks. Seedlings were harvested after 
4 or 8 weeks of growth in the greenhouse and separated into stems, leaves, 
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rhizomes, tubers, and roots. Weights were determined as in the first experiment. 
To determine the effects of detritus on soil redox potentials, redox potentials 
were measured weekly at a depth of 5 cm in additional pots which were not used 
for the determination of dry weights. These pots contained either sediment or the 
high amounts of intact or fragmented detritus. Half of the pots was supplied with 
nutrients in quantities described before. Redox potentials of pots with plants were 
compared to those without plants. Each treatment was replicated once and 
duplicate measurements were done in each pot. Redox potentials were measured 
with platinum electrodes and a calomel reference cell. The measurements were 
corrected for differences in pH. 
Soil and plant analyses 
Chemical analyses were carried out on sediment, the detritus mat (first experi­
ment) and on the detritus/sediment mixtures (second experiment). Analyses were 
always performed on duplicate samples. The pH was measured potentiometrically 
in 1:2.5 (w/v) suspensions of substrate in H 2 0. Carbonates were measured gas-
volumetrically by treating ground substrate with 4 N HCl. Percentage organic 
matter was estimated as weight loss of ground samples after ignition at 430°C for 
24 h. Total Ρ and total N were determined colorimetrically following digestion of 
ground samples with a mixture of H2S04-Se and salicylic acid (Novozamsky et 
al., 1984). Exchangeable К was determined by atomic absorption spectrophoto­
metry after shaking the sample with neutral ammonium acetate (1:25 w/v). 
Chloride and electrical conductivity analyses were carried out on 1:5 (w/v) water 
extracts of untreated substrate. In the second experiment, bulk densities of 
sediment and detritus/sediment mixtures were determined by drying a certain 
volume of substrate at 105 °C. 
N-, P-, K-, and F.e-concentrations in the shoots were determined in both 
experiments. In the second experiment root Fe-concentration in combination with 
root Fe-plaque was determined as well. N and Ρ were determined colorimetri­
cally (indophenol-blue method and molybdenum-blue method, respectively), and 
К and Fe by atomic absorption in a sulphuric acid/salicylic acid digest. 
Data analyses 
Both experiments were analyzed statistically according to a completely rando-
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mized block design. The first experiment with factors substrate (7 levels) and 
nutrient supply (3 levels), using five blocks with 1 replicate per block. The 
second experiment with factors harvest (2 levels), substrate (5 levels), and 
nutrient supply (2 levels), using four blocks with 1 replicate per block. 
All experiments were analyzed using ANOVA. The data of the second exper-
iment were also analyzed by ANOVA with amount and particle size of detritus as 
factors, omitting sediment. Differences between treatments were tested using the 
Least Significant Difference (LSD) procedure (Sokal and Rohlf, 1981). If data on 
dry weights and nutrient concentrations were not homogeneous according to 
Cochran's Q test, they were In-transformed. Ratio's were arcs-sqrt transformed. 
Differences between treatments in redox potentials were analyzed using the mean 
weekly measured redox potential per pot as a within pot repeated factor (SPSS-
procedure MANOVA; Norusis, 1986). 
RESULTS 
Soil properties 
The sediment used in the first experiment had a lower pH, a higher percentage 
organic matter, and more nutrients than the sediment used in the second exper-
iment (Table 2). No large differences were found between the various types of 
detritus in the two experiments. Generally, the nutrient contents of the substrates 
were positively correlated with the organic matter content. This does not, how-
ever, reflect the availability of nutrients for uptake by plants. 
In the second experiment the bulk density of the substrate decreased with 
increasing organic matter content of the substrate (Table 2). Fragmentation 
caused an increase in bulk density, as the intact detritus partly consisted of empty 
tubers. 
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Effects of the thickness and position of a detritus mat, and of nutrient supply 
Dry matter production and allocation - Substrate type affected total dry weight 
and the allocation to shoots, whereas the supply of nutrients affected total dry 
weight and the proportional allocation of dry matter to shoots, rhizomes and 
tubers of S. maritimus independently. The allocation of dry matter to roots was 
affected by a substrate χ nutrient interaction (Table 3). 
Table 3. F-values of ANOVA of total dry weight and proportional allocation of 
dry matter to different plant parts of S. maritimus grown in different substrates, 
consisting of layers of sediment and detritus mat, and at three different nutrient 
levels. Percentages were arcs sqrt transformed. 
factor 
block 
substrate (s) 
nutrients (n) 
s χ η 
error ÍMS) 
df 
4 
6 
2 
12 
75 
total 
5.8 *** 
79.5 *** 
38.4 *** 
0.7 ns 
2.67 
% shoots 
0.6 ns 
3.8 ** 
58.4 *** 
1.4 ns 
0.05 
% rhizomes 
0.9 ns 
1.7 ns 
10.8 •** 
1.3 ns 
0.01 
% tubers 
1.3 ns 
1.4 ns 
6.9** 
0.5 ns 
0.04 
% roots 
0.3 ns 
4 9 **+ 
87.9 *** 
3 .6** 
0.04 
ns=not significant, * Ρ < 0.05, ** Ρ < 0.01 and *** Ρ < 0.001 in this and 
subsequent tables 
Total dry weight decreased strongly when the thickness of the detritus mat was 
increased, whereas the position of the detritus mat had only a small impact (Fig. 
1A). There were no significant differences between dry weights of S. maritimus 
in sediment from inside and outside the stand (data not shown). Supplying 
nutrients had a positive effect on total dry weight (Fig. 1A). The allocation of dry 
matter to the different plant parts was strongly affected by nutrient supply (Table 
3), leading to a relatively lower dry matter investment in below-ground parts 
when more nutrients were supplied (Fig. IB for roots). The different substrate 
types only affected the allocation to shoots and roots, resulting in a trade-off 
between both (Table 3; Fig. IB for roots). In unfertilized plants the relative 
investment in roots was inversely correlated to total dry weight, except for plants 
in a 15 cm thick detritus mat (Fig. 1). The spatial distribution of roots in the pots 
remained unaffected by the position of the 5-cm detritus mat (data not shown). 
When plants were fertilized, differences in dry matter allocation to roots 
disappeared between substrates (Fig. IB). 
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Figure 1. (A) Total dry weight 
(g/pot) and (B) proportional 
allocation of dry matter to 
roots (%) of S. maritimus as 
affected by the composition of 
the substrate (sediment, a mat 
of detritus, or a combination of 
both) and the supply • of nu­
trients. Significant differences 
were calculated per nutrient 
level and are indicated with 
different letters (P < 0.05). 
Substrates: numbers denote the 
thickness of the different layers 
(cm) in the pot, from the top 
to the bottom; s=sediment; 
d=detritus. Nutrient supply: 
no nutrients (z), a low amount 
(1) or a high amount (h). 
Nutrient concentrations in shoots - Without nutrient supply the concentrations 
of N and К in the shoots were inversely correlated to the total dry weight (Table 
4, Fig. 1A). When nutrients were supplied the shoot N- and K-concentrations 
almost doubled and differences in K-concentrations in shoots decreased between 
substrate types. Shoot concentrations of Ρ and Fe were unaffected by the type of 
substrate and the supply of nutrients (Table 4). 
137 
Chapter 7 
Table 4. F-values of ANOVA and concentrations of total-N, total-P, K, and Fe (mg/g dry 
weight) in shoots of S. maritimus without (-) and with (+) supplied nutrients (high level 
only). Substrates: Values denote the thickness of a layer of sediment (s) or of a detritus mat 
(d) from the top to the bottom of the pots (cm). Prior to the analysis data were In-transfor­
med (the untransformed data are shown). 
Factor 
block 
substrate 
nutrients 
s χ η 
« 
(n) 
error (MS) 
Substrate 
15s 
10s-5d 
5s-5d-5s 
2s-5d-8s 
5s-10d 
2s-13d 
15d 
df 
4 
6 
1 
6 
51 
11.3 
10.8 
10.9 
11.2 
11.7 
14.2 
14.9 
N 
5.2 *** 
6.3 *** 
41.8 **+ 
1.3 ns 
0.02 
+ 
26.2 
21.5 
22.2 
22.5 
24.7 
24.4 
27.3 
_ 
2.4 
2.3 
2.4 
2.7 
2.4 
2.4 
2.7 
Ρ 
5.0** 
1.3 ns 
1.6 ns 
1.8 ns 
0.02 
+ 
2.8 
2.5 
2.2 
2.3 
2.4 
2.3 
2.4 
К 
2 . 9 * 
23.3 *** 
162.8 **• 
_ 
11.2 
14.0 
13.1 
13.5 
19.6 
32.0 
32.7 
8.7 *** 
0.03 
+ 
32.1 
28.4 
27.4 
27.2 
31.9 
32.1 
41.8 
_ 
0.29 
0.31 
0.23 
0.32 
0.36 
0.39 
0.42 
Fe 
0.5 ns 
1.9 ns 
0.1 ns 
0.6 ns 
0.23 
+ 
0.30 
0.23 
0.30 
0.29 
0.24 
0.25 
0.57 
Effects of the amount and particle size of detritus, and nutrient supply 
Dry matter production and allocation - At both harvest dates, total dry weight 
was affected by an interaction between nutrients and substrate (Table 5). Like in 
the first experiment the supply of nutrients affected the proportional dry matter 
allocation to different plant parts more strongly than the different substrates 
(Table 5). 
During the first week of the experiment the supplied nutrients severely retarded 
growth in sediment. This effect, which may have been due to toxicity caused by 
the high dose of nutrients, was still visible in harvest П. In the other substrates, 
the nutrients did not seem to have become toxic (Fig. 2A). Without the supply of 
nutrients total dry weight was highest in plants grown in sediment. Differences 
between treatments were similar in harvest I and П. A high amount as well as 
fragmentation of detritus strongly reduced growth (Fig. 2A). The ANOVA 
performed on different amounts and particle sizes of detritus omitting sediment 
showed that growth differences between mixtures of sediment and detritus could 
be explained for 57% by differences in ll· " lount and for 43% by differences in 
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particle size (data not shown). Fertilization reduced growth differences when 
using different amounts of intact detritus, whereas this was not the case when 
using fragmented detritus. 
Table 5. F-values of ANOVA of total dry weight and proportional allocation of dry matter 
to different plant parts of S. maritimus in different substrates (sediment and different 
mixtures of intact or fragmented detritus and sediment) with and without nutrient supply 
after 4 weeks (harvest I) and 8 weeks (harvest II). Total dry weight was analyzed after ln-
transformation, and percentages after arcs sqrt transformation. 
Factor 
harvest I 
block 
substrate (s) 
nutrients (n) 
s χ η 
error (MS) 
harvest II 
block 
substrate (s) 
nutrients (n) 
s χ η 
error (MS) 
df 
3 
4 
1 
4 
27 
3 
4 
1 
4 
27 
total 
4 . 3 * 
74.2 *** 
18.2 *** 
27.5 +** 
0.01 
3 . 8 * 
117.4*** 
302.0 *** 
59.4 *** 
0.01 
% leaf 
6 .3** 
13.5 *** 
162.8 *** 
2.1 ns 
0.001 
0.8 ns 
0.5 ns 
95.9 *** 
0.5 ns 
0.007 
% stem 
0.5 ns 
2.3 ns 
16.5 *** 
3.1 * 
0.002 
1.8 ns 
0.2 ns 
70.0 *** 
1.1 ns 
0.004 
% rhizomes 
0.3 ns 
1.9 ns 
1.1 ns 
1.4 ns 
0.002 
0.4 ns 
1.6 ns 
3 . 6 * 
0.7 ns 
0.0009 
% tubers 
2.7 ns 
1.5 ns 
7 . 5 * 
0.4 ns 
0.006 
0.5 ns 
2.8 * 
33.1 *** 
1.5 ns 
0.02 
% roots 
1.8 ns 
17.7 *** 
168.6 *** 
1.7 ns 
0.003 
0.6 ns 
14.8 *** 
208.5 *** 
3 . 6 * 
0.002 
In unfertilized seedlings at harvest I the allocation of dry matter to roots 
increased inversely with total dry weight (Fig. 2). At harvest Π, plants in 
sediment or in a high amount of fragmented detritus allocated relatively more dry 
matter to roots than those in the other substrates (Fig. 2B). These differences 
between substrates were almost completely reduced by fertilization. 
Nutrient concentrations - The N-, P-, and K-concentrations were affected by 
different factors and interactions between factors (Table 6). At harvest I, the N-
concentrations of unfertilized shoots were positively correlated to total dry 
weight, whereas no general trends were found in P- and K-concentrations. 
Generally, N-, P-, and K-concentrations decreased between harvest I and Π, 
more strongly so in plants with a high than with a low dry weight (Table 6; Fig. 
2A). Generally, fertilization increased N- and K-concentrations, but it caused 
decreased P-concentrations. Differences between substrates in shoot Ν-, P-, and 
K-concentrations were lower when nutrients were supplied. 
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LI H LF HF 
substrate types 
Figure 2. (A) Total dry weight (g/pot) and (B) proportional allocation of dry matter to roots 
(%) of four-weeks-old (harvest I) and eight-weeks-old (harvest II) S. maritimus growing in 
sediment with low (LI) or high (HI) amounts of intact detritus and with low (LF) or high 
(HF) amounts of fragmented detritus, with and without the supply of nutrients. Significant 
differences between means are indicated by different letters. Data were In-transformed prior 
to analysis (P < 0.05). The untransformed data are shown. 
At the first harvest, Fe-concentrations in shoots were 1.5 to 2 times higher in 
fertilized than in unfertilized plants, whereas in the second harvest these 
differences had disappeared (Table 6). Fertilization always strongly decreased 
root Fe, i.e. the concentration in roots in combination with plaque on roots. In 
the second harvest, root Fe was positively correlated with dry weight of 
unfertilized plants (Table 6; Fig. 2). When both fertilized and non-fertilized 
plants were considered, no overall relationship could be detected between root Fe 
and total dry weight. 
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Redox potential - Soil redox potentials were affected by an interaction between 
all factors (Table 7). No significant differences between intact or fragmented 
detritus were present (P > 0.05). Redox-potentials remained constant or tended 
to increase with time, falling within the range -50mV to + 160mV in most instan­
ces, which is indicative for iron reduction (Fig. 3). In the absence of plants and 
nutrient-supply, the redox potential in sediment was lower than that of the mix­
tures of sediment and detritus, whereas with nutrient supply the opposite 
occurred. Plant growth increased the redox potential of unfertilized sediment and 
differences in redox potentials among substrate types disappeared. There was no 
correlation between redox potentials and total plant dry weights (Fig. 2A and 3). 
Table 7. ANOVA of redox poten­
tials in different substrates (sedi­
ment, sediment with a high amount 
of intact, or fragmented detritus), 
with or without S. maritimus and 
with or without supply of nutrients. 
The weekly measured redox poten­
tials (r) were analyzed as a within 
pot repeated factor. 
factor 
plant(p) 
substrate(s) 
nut(n) 
ρ χ s 
ρ χ η 
s χ η 
ρ χ s χ η 
redox(r) 
p x r 
s χ г 
η χ г 
ρ χ s χ г 
ρ χ η χ г 
s χ η χ г 
ρ χ s χ η χ г 
df 
1/12 
2/12 
1/12 
2/12 
1/12 
2/12 
2/12 
8/96 
8/96 
16/96 
8/96 
16/96 
8/96 
16/96 
16/96 
F-values 
9.3 * 
14.0 ** 
59.4 *** 
4 . 3 * 
0.1 ns 
74.7 *** 
0.8 ns 
19.5 *+* 
2 . 3 * 
3.1 * 
2.1 * 
2 .5** 
0.4 ns 
1.9* 
1.8* 
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Figure 3. Redox potentials (mV) of sediment (S) and sediment with a high amount of intact 
(HI) or fragmented (HF) detritus with or without S manumits and with or without supply of 
nutrients Means of two pots with two measurements per pot are presented 
DISCUSSION 
When plants of Scirpus mantimus were grown in sediment containing 
autogenous dead below-ground plant parts, growth was severely reduced com­
pared to plants m pure mineral sediment. Such adverse effects of autogenous 
detritus have also been found for other wetland species and a number of possible 
clarifications has been suggested (Table 1). Here, the effects of nutrients as well 
as of other chemical and physical substrate conditions on growth of S. mantimus 
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will be discussed. 
Although nutrient supply stimulated plant growth, it did not (first experiment) 
or only partly (second experiment) reduced growth differences between seedlings 
in various substrates. Generally, the supply of nutrients had a much stronger 
effect on the allocation of dry matter than substrate type. Thus, the adverse 
effects of accumulated detritus did not merely reflect a shortage of nutrients. 
Other evidence for this conclusion can be derived from the nutrient concen-
trations in the plants. After four weeks of growth in the second experiment, 
nutrient-concentrations were always high in the shoots, and well above critical 
values determined by Gerloff and Krombholz (1966). During this experiment, 
however, nutrient concentrations decreased more rapidly in large than in small 
plants, indicating that plants depleted soil nutrients eventually. Also the soil bulk 
density, which may indicate the potential magnitude of nutrient complexation 
with organic matter, was well above 0.2 kg/1, the value above which the growth 
of Spartina alterniflora, Myriophyllum spicatum and Hydrilla verticillata is 
constrained (DeLaune et al., 1979; Barko and Smart, 1986). 
Generally, mechanical resistance plays a less important role in flooded than in 
well-aerated soils (Blom, 1979; Engelaar, 1994). In the present study it is also 
unlikely that poor growth of S. maritimus in detritus can be ascribed to mechani-
cal resistance. Roots of S. maritimus were able to grow along the individual 
detritus particles in both experiments, but were unable to penetrate them. In the 
first experiment, using unfertilized substrate, no effect of the position of the 
detritus-mat on seedling growth or on the spatial distribution of roots was found. 
Moreover, in both experiments the allocation of dry matter to roots was 
positively correlated with increasing detritus content, whereas in a number of 
Plantago species a decrease in dry matter allocation to roots was found upon soil 
compaction (Blom, 1979). 
In experiments using aerobic soils as controls, poor growth of wetland species 
has been found to be negatively related to substrate redox potential (Linthurst, 
1979; DeLaune et al., 1983, 1984). In the present study all treatments were 
carried out under anaerobic, stagnant conditions with only small differences in 
redox potentials and at levels generally indicative of iron reduction (Ponnampe-
ruma, 1972). Although both nutrients and plant growth affected substrate redox 
potentials, no relationship could be detected between redox-potentials and total 
dry weights. Furthermore, it is remarkable that fragmentation of detritus, which 
is supposed to stimulate decomposition, strongly reduced total dry weight but did 
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not affect redox-potential at all. Fragmentation might have stimulated the release 
of toxic compounds, without changing the nature of microbial and/or chemical 
oxidation-reduction processes as measured by redox potentials. Therefore, in the 
present study measurement of redox potentials may have been of limited value. 
Information on the intensity of oxidation-reduction processes, which is known to 
be higher in organic-rich substrate than in mineral sediment may be of more 
importance (Howeler and Bouldin, 1971; Patrick and Mikkelsen, 1971; Ponnam-
peruma, 1972; Rowell, 1981). 
Because both the relative and absolute amounts of root Fe were unrelated to 
total dry weight, and in some instances Fe concentrations were even higher in 
shoots of fertilized than in unfertilized plants, no evidence exists that Fe reduced 
growth either directly or indirectly. The strong effect of nutrient supply on root 
Fe is remarkable. As it has been found that in many emergent macrophytes most 
root-Fe (c. 95%) is present as deposition on the root surface (St-Cyr and 
Crowder, 1989), nutrient supply might have especially reduced the amount of Fe 
deposited on roots, probably by immobilizing Fe via the formation of FeP04 or 
FeC03. 
Other explanations for the poor growth of S. maritimus may be related to the 
release of organic acids from plant residues (Rao and Mikkelsen, 1977; Drew 
and Lynch, 1980) and/or oxygen deficiency in roots (Mendelssohn and Seneca, 
1980; Mendelssohn et al, 1981; Weisner, 1987). Cellulose may be converted 
into acetic acid and lignin into aromatic acids, such as phenolics (Drew and 
Lynch, 1980). In the present study unfertilized plants in substrate with a high 
content of fragmented detritus had blackened, died-off root tips, which may 
indicate a shortage of oxygen. It remains questionable however, whether oxygen 
deficiency also constrained growth in the other treatments. Besides a direct 
beneficial effect on plant growth the role of nutrient supply remains unclear. 
Nutrient supply affected^ the deposition of Fe on roots but, may have also affected 
other microbial or chemical processes in the substrate (Benckiser et al., 1984). 
In conclusion poor growth of S. maritimus in the present study does not seem 
to be primarily caused by a shortage of nutrients. The most likely explanation is 
that growth was reduced by toxicity of the substrate and/or anaerobiosis in roots. 
An indication for this is that fragmentation of a low amount of detritus resulted in 
similar but stronger reactions of the plant than found for the intact detritus. 
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Degeneration of S. marítimas in lakes with stagnant water levels seems to be 
the result of its clonal growth strategy. Like other clonal species, with persistent 
dominant stands, its growth can be divided into three phases: (i) a juvenile phase, 
with shoots exploring bare ground, (ii) a mature phase, with the highest shoot 
density and height and (iii) a senile phase, with a high amount of below-ground 
plant parts and a sparse shoot population (Watt, 1947; Caldwell, 19S7; Haslam, 
1970; Noble et ai, 1979). Degeneration in the senile phase may be directly or 
indirectly the result of autogenous factors, especially in aquatic soils, where 
detritus may accumulate due to low rates of decomposition (Pieczynska, 1993). 
Degeneration in stagnant waters is a common rather than a rare feature in clonal 
wetland plants. It has also been found to occur in Spartina species. (Caldwell, 
1957; Goodman et al, 1959; Goodman and Williams, 1961; Linthurst, 1979; 
Bradley and Dunn, 1989; Koch and Mendelssohn, 1989), Glyceria maxima 
(Buttery et al., 1965), Phragmites australis (Haslam, 1970) and Scirpus lacustris 
(Seidel, 1955). Since S. maritimus is an early successional species, it is of 
interest to examine whether late successional species, like P. australis and Typha 
angusti/olia, are better able to cope with accumulating detritus than S. maritimus. 
It remains to be seen whether the restoration of Scirpus wetlands in stagnant 
water will be successful in the long run. In The Netherlands, Scirpus seems to 
thrive especially in tidal wetlands, where processes of sedimentation and erosion 
take place continuously. These habitats give good opportunities for sexual 
recruitment and the exploration of bare sediment by established plants. In 
stagnant waters, where sexual recruitment is almost completely absent (Crawford, 
1992; Chapter 3) and mature plants are predominantly restricted by water depth 
and wave action in the juvenile phase and by succeeding species in the 
degeneration phase (Hutchinson, 1975; Odum, 1990) re-introduced Scirpus may 
disappear in due time. 
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The aim of the present study was to get more insight into the establishment and 
growth of Scirpus lacustris and 5. maritimus under natural conditions in former 
estuaries, which have become large non-tidal freshwater lakes. For this purpose 
field studies as well as laboratory experiments were carried out. The 
concentration on life-history characteristics of Scirpus yielded important findings 
for wetland management purposes. 
Here I will first briefly highlight these findings, where useful comparison with 
other emergent macrophytes were made and I will conclude on the feasibility of 
the restoration of Scirpus wetlands. 
Germination and seedling establishment 
In general emergent macrophytes are considered colonizers of exposed 
mudflats, that should produce a large number of small seeds and germinate 
rapidly when conditions are favourable (McNaughton, 1975; Grime, 1979; 
Grace, 1985; Odum, 1988; Shipley et al, 1989). Emergent macrophytes are all 
thought to achieve maximum germination and plant densities under similar 
conditions, namely on exposed mudflats and in shallow water (Keddy and Ellis, 
1985; Welling et al., 1988ab; Shipley and Parent, 1991). This thesis however, 
demonstrates that the genus Scirpus does not conform to these generalisations. 
Like other emergent macrophytes, Scirpus may also show the highest germination 
percentage and seedling densities on exposed mudflats and shallow water. 
However, the ability to withstand periods of less favourable environmental 
conditions during the regeneration phase seems an important discriminating 
factor, which may determine the zonation of emergent macrophytes in the 
transition zone between land and water (Van der Valk et ai, 1989: Weisner et 
al., 1993; this study). 
In contrast to most wetland species, including Typha angustifolia and 
Phragmites australis which occur at the land side of Scirpus (Haslam, 1973; 
Grace, 1987), stratified seeds of Scirpus do neither require light nor a large 
amplitude in day- and night temperatures for maximal germination (Chapter 3). 
Among Scirpus taxa differences in germination characteristics do occur. The 
ability of S.l. lacustris to germinate at constant temperatures, whereas the other 
taxa lack this characteristic, indicates that this (axon is able to germinate in much 
deeper water than S.l. tabernaemontani and S. maritimus (Chapter 3). 
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Furthermore, both S. lacustris subspecies are able to germinate at relative low 
day-temperatures, which gives them a competitive advantage over S. maritimus in 
spring and therefore are able to pre-emption the space as has been shown in 
different Typha species (Grace, 1987). 
Under terrestrial growth conditions at the other hand, seedlings of S. maritimus 
showed a higher absolute and relative growth rate than those of both S. lacustris 
subspecies (Chapter 4), so that the former might outcompete both S. lacustris 
subspecies when germinating simultaneously. Under these growth conditions 
seedlings of S.l. lacustris and S.l. tabernaemontani showed only small morpho-
logical differences and no differences at all in growth rates. 
Small fluctuations in water level accompanied with turbidity of the water may 
have a large impact on growth rates and morphology of the seedlings (Chapter 
4). Scirpus taxa differed widely in their morphological responses upon 
submergence. Scirpus maritimus seedlings clearly seemed to be the less adapted 
to submerged growth and shoots were unable to become taller than 10 cm. The 
S. tocustris subspecies exhibited different strategies in order to get excess to air. 
Scirpus I. tabernaemontani was able to overcome a water depth of 20 to 30 cm 
by maintaining an erect growth form, with narrow, thin leaves, whereas S.l. 
lacustris produced a large number of even thinner, long leaves that float when the 
water level was reached. Once the latter taxon has developed a submerged 
growth form, it may grow under water for several years, before it emerges 
(Seidel, 1955; Weisner et al., 1993). Such a strong plastic response to 
submergence may be disadvantageous in circumstances where water levels are 
mostly low with sudden short-term flooding, because small etiolated plants easily 
collapse and are ill-adapted to drought. In these instances the small, robust 
submerged S. maritimus seedlings will have a higher change to survive than both 
S. lacustris subspecies. At the other hand S.l. lacustris may be able to establish at 
the outer side of an existing emergent macrophyte belt, thereby avoiding 
competition with other already established emergent macrophytes (Weisner et al., 
1993). 
Large seed reserves, in analogy to large reserve-carbohydrate reserves in 
vegetative propagules, are generally associated with the ability to tolerate stress 
(Grime, 1979; Fermer, 1985; Smith and Kadlec, 1985; Crawford, 1992). These 
large carbohydrate reserves may enable Scirpus not only to germinate at greater 
burial depths, but to germinate and show seedling growth in deeper water and/or 
at lower oxygen availability of the substrate than emergent macrophytes with 
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small seeds. It is hypothesized that under these conditions Scirpus may be at an 
advantage compared to the small-seeded, but probably more abundant P. oust ralis 
and T. angustifolia. 
Vegetative growth of S. maritimus 
An important feature of emergent macrophytes is the occurrence of mature 
populations at greater water depths than seedlings. In the case of S. maritimus, 
seedlings do not establish in water deeper than 5 cm (Lieffers and Shay, 1982a), 
whereas established populations may grow in water up to 90 cm deep (Dykyjová, 
1986). During clonal expansion from the shoreline towards deeper water, the 
period of submerged shoot-growth will increase and new ramets will become 
increasingly dependent on the supply of carbohydrates from older ramets. Scirpus 
maritimus, like other emergent macrophytes, exhibits the phalanx-strategy (Grace 
and Wetzel, 1981a; Dickerman and Wetzel, 1985; Breen et al., 1988; Chapter 
5). The clonal expansion rate was substantially lower in deep than in shallow 
water. Plasticity in other ramet characteristics was directed towards the 
emergence in deep water. However, the ability to grow in deeper water was 
mainly due to the sequential production of larger ramets and not to plasticity in 
ramet characteristics (Chapter 5). 
In the case of clonal emergent macrophytes the phalanx-strategy may be 
divided in a 'shallow' and 'deep-water' strategy. Shallow-water species, like 
Typha latifolia (Grace, 1985, 1989) and S. maritimus (Chapter 5), show a high 
clonal expansion rate when the water level is relatively low, but are unable to 
change the size of ramets and perennating organs in response to water depth. At 
the other hand deep-water species, like Typha angustifolia, T. domingensis 
(Grace, 1985, 1989) and S.l. lacustris (Chapter 2), seem to have a low clonal 
expansion rate irrespective of water depth. The ability to increase ramet and 
rhizome size with increasing water depth as has been shown in T. domingensis 
(Grace, 1987, 1989) may be an important feature of deep-water species. It may 
be expected that also S.l. lacustris is able to change its ramet size in response to 
water depth. 
During submerged spring-growth, the relative rate of reserve-carbohydrate 
depletion of S. maritimus was independent of tuber size and light availability 
(Chapter 6). It may, therefore, be expected that large tubers are depleted later 
than small ones, despite the fact that in this study the time of zero reserve-
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carbohydrates was not significantly different between tuber sizes. Scirpus 
maritimus did not depend on photosynthetically produced 0 2 for respiration as 
this species was able to take-up ample 02 from the water. However, underwater 
photosynthesis did provide S. maritimus with extra carbohydrates resulting in a 
doubling of the amount of newly produced dry matter in a period of nine weeks 
of submerged growth. Although shoots grown in light were much heavier than 
those grown in darkness length increment of shoots did not differ between light 
levels. In darkness, shoots were strongly etiolated with a lower leaf appearance 
rate and longer and probably thinner leaves (Chapter 4) than shoots grown in 
light. In the field, these etiolated plants may be vulnerable to wave action and 
diseases. It has also been made clear that differences in dry matter production 
and shoot morphology between clear and turbid water will only be apparent when 
light reduction due to turbidity exceeds 60%, because of the low light saturation 
point of underwater photosynthesis. It has been hypothesized that after the 
depletion of reserve-carbohydrates the production of photosynthates during 
submerged shoot-growth may enable S. maritimus to survive under water for 
some time (Chapter 6). 
Degeneration 
The zonation of emergent macrophytes is supposed to be determined 
predominantly by the ability to cope with physical stress (such as oxygen 
deprivation) in combination with competition for light (Segal, 1971; Spence, 
1982; Breen et ai, 1988; Odum, 1988; Crawford, 1992; Leck and Simpson, 
1994). Whether in non-tidal wetland succession occurs has been questioned by 
Moore and Bellamy (1974), Van der Valk (1981), Breen et al, (1988) and 
Mitsch and Gosselink (1993). The main reason for the absence of succession is 
supposed to be the suppression of invaders by already established clones (Moore 
and Bellamy, 1974; Connell and Slayter, 1977; Silander, 1985; Breen et ai, 
1988). In contrast, Bertness and Shumway (1993) stated that initial colonizers 
ameliorate stressful conditions and facilitate the invasion of succeeding species in 
wetland. Succession, however, may also be stimulated by the accumulation of 
organic matter (Goodman and Williams, 1961; Buttery and Lambert, 1965; 
Hejny, 1971; Segal, 1971; Odum, 1990; Chapter 7), provided that successors are 
better able to cope with accumulated organic matter. In order to escape from its 
own accumulated organic matter S. maritimus clones have to explore the outer 
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zone of an emergent macrophyte belt. However, in non-tidal wetlands only little 
sediment is trapped and growth in the juvenile phase is limited by adverse 
external factors like water depth, wave action and waterfowl grazing. It is 
hypothesized that due to the reduced clonal expansion in the juvenile phase on the 
one hand and the invasion of successors in the degeneration phase on the other, 
only a small Scirpus belt will occur in stabilized freshwater lakes compared to 
tidal areas. 
Life-history characteristics of S. mariámus 
It is clear from the present study that S. maritimus is a 'shallow-water' species 
throughout its entire life-cycle. Seeds required a fluctuating temperature with a 
high day-temperature for maximal germination (Chapter 3) and seedlings, 
although they were able to survive under water, were unable to show a "depth 
accommodation response" (Chapter 4). Furthermore S. maritimus showed a high 
plasticity in the rate of branching and not in total ramet and tuber dry weight 
with increasing water depth (Chapter 5). Also the morphology of shoots, e.g. the 
production of six relatively short leaves, which showed a low underwater 
photosynthesis rate, prior to the production of a leafy stem (Chapter 6) may 
indicate that S. maritimus is a 'shallow-water' species. 
Although S. maritimus occurs in shallower water than P. australis (Haslam, 
1972) and T. angusti/olia (Grace and Wetzel, 1982), it is better able to withstand 
periods of oxygen deprivation than the latter two (Crawford, 1992). Therefore, 
the distribution of wetland plants along a gradient in water depth seems to be 
only partly related to their ability to withstand periods of oxygen deprivation. 
Only at sites exposed to wave action or ice scouring S. maritimus may occur at 
the outside zone of P. australis and T. angusti/olia, because the destruction of 
overwintering shoots, resulting in a cut off in the supply of aerial 0 2 may be less 
dramatic for the submerged shoot-growth of S. maritimus than for that of P. 
australis and T. angusti/olia (Zonneveld, 1960; Jordan and Whigham, 1988; 
Granéli, 1989; Crawford, 1992). 
As has been mentioned before the degeneration of S. maritimus due to the 
accumulation of autogenic organic matter seems to be a normal phenomenon in 
clonal emergent macrophytes. The ability of emergent macrophytes to cope with 
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accumulated organic matter is probably related to their ability to oxidize the 
rhizosphere during the growing season. It remains questionable whether species 
differ in their ability to oxidize their rhizosphere, and whether there is any 
relationship between the ability to cope with oxygen deprivation during the 
winterperiod and reduced soil conditions during the growing season. 
Restoration of Scirpus 
The results of the field experiments (Chapter 2) showed that the artificial re-
establishment of Scirpus taxa may be quite successful in former tidal water 
bodies. It seems questionable, however, whether species should be re-introduced 
in areas, where large environmental changes have occurred. The restoration of 
such wetland should be focused on the occurrence of species in reference systems 
in other European countries comparable to the changed one, but which are still 
self-regulating (Best et al., 1993). As has been stated before, the former tidal 
areas in The Netherlands can be compared with large inland freshwater lakes 
with stabilized water levels. Although in most non-tidal wetland P. australis and 
T. angusti/olia seem to be the only emergent macrophytes present, all three 
Scirpus taxa can be found occasionally at the open water side of an emergent 
macrophyte belt. Scirpus I. lacustris occurs most frequently in fresh inland waters 
(Seidel, 1955; Hutchinson, 1975; Spence, 1982), whereas S.l. tabernaemontani 
and S. maritimus have been found in freshwater fishponds in the Czech Republic 
(Dykyjová and Kvét, 1978) and S. maritimus in both fresh and saline waters in 
the Camargue in France (Podlejski, 1982) and saline wetland in Central Europe 
(Hejny, 1960; Dykyjová, 1986). Therefore, in large freshwater lakes, such as the 
Haringvliet, S.l. lacustris should be the preferable species to be introduced rather 
than S.l. tabernaemontani and S. maritimus. 
Generally, in non-tidal wetland the regeneration of emergent macrophytes 
depends on the occurrence of periods of low water levels. In American glacial 
marshes cyclic successional processes, occurring only once in five to twenty 
years, have been described as follows: 'the existing emergent plants are destroyed 
by periods of extreme high water levels, leaving bare river banks. In periods of 
drought the bottom of lakes get exposed, which result in sexual recruitment of 
emergent macrophytes from the seed bank and a new emergent vegetation will 
develop' (Van der Valk, 1981). This is in large contrast to processes in tidal 
wetland, in which the continuous processes of erosion and sedimentation create 
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new sites for regeneration (Zonneveld, 1960; Kotter, 1961). 
In The Netherlands, a major problem for the natural re-establishment of 
Scirpus species is the absence of the above described cyclic processes, due to the 
stabilizing of water levels in many freshwater lakes. Aranciai drawdowns may be 
a solution for the re-establishment of Scirpus, as already has been undertaken 
successfully for the restoration of T. latifolia and P. australis in the isolated 
wetland Oostvaardersplassen (Ter Heerdt and Drost, 1994). Most future 
restoration projects will be carried out in former brackish areas, like the 
Haringvliet and IJsselmeer (Rijkswaterstaat, 1993). It remains questionable, 
however, whether this approach is feasible, as it is unknown whether a 
substantial seed bank of Scirpus species is present, and if so whether S.l. 
lacustris seeds will be present in these former brackish areas. Furthermore the 
outcome of recruitment processes and interference with other species in both the 
juvenile and mature stages are difficult to predict (Van der Valk et al., 1989; 
Chapter 3 and 4). It is therefore advisable to study these processes in the above 
mentioned reference systems. In large parts of The Netherlands, an additional 
problem is the large grazing pressure by waterfowl (Chapter 2). Odum (1987) 
stated: " in many freshwater wetland sites it may be an expensive waste of time 
to plant species, which are of high value to wildlife". Thus, under the present 
circumstances the perspectives for the re-establishment of Scirpus species in 
former tidal areas in The Netherlands are low. It has been stressed by Mitsch and 
Gosselink (1993) that wetland restoration projects should be focused on imposing 
proper hydrological conditions rather than planting single species. The fact that 
this will result in P. australis and T. angusti/olia dominated wetlands rather than 
Scirpus wetland should be taken for granted. It seems that only after re-
introduction of tidal differences naturally iSciVpMi-dominated wetlands have a 
chance to re-appear in The Netherlands. 
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Introduction 
Scirpus lacustris (bulrush) and S. maritimus (seaclub rush) can be mainly found 
along estuaries and tidal rivers in The Netherlands. They occur at the outer zone 
of emergent macrophyte vegetation and are distributed along a gradient from 
deep to shallow water as follows: Scirpus lacustris ssp. lacustris (S.l. lacustris) -
S. lacustris ssp. tabernaemontani (S.l. tabemaemontani) - S. maritimus. Scirpus 
maritimus is the most tolerant to saline conditions. 
During the last century, a large number of Dutch estuaries was closed by 
barrier dams. This changed the estuaries into non-tidal freshwater lakes. As a 
consequence of the changed hydrological conditions erosion of river banks 
occurred and tidal mudflats disappeared resulting in a large-scale disappearance 
of Scirpus stands. 
In 1986 the Institute for Inland Water Management and Waste Water 
Treatment (RIZA) initiated a study to assess whether it is possible to re-introduce 
Scirpus in the northern Delta-basin, the principal outlet of the rivers Rhine and 
Meuse. Within the scope of this project, different field experiments were carried 
out using vegetatively propagated plant material of S.l. lacustris and S. 
maritimus. After the RIZA-study, it was assessed whether Scirpus is able to 
establish and grow naturally in former tidal areas. The impact of relevant 
environmental factors on the different phases in the life-cycle of Scirpus was 
studied in a number of ecological and ecophysiological experiments. Germination 
and seedling establishment were studied in all three taxa, because these phases in 
the life-cycle can be considered bottle-necks for the natural recolonization of 
former tidal areas. Growth in the established phase was studied for S. maritimus 
only. In this tax on the different ramets and ramet part could be distinguished 
much better than in S. lacustris. 
Planting of Scirpus 
Field experiments were done in order to assess whether S.l. lacustris and S. 
maritimus could be re-established under particular site-conditions in the northern 
Delta-basin using vegetatively propagated plant material (Chapter 2). 
Soil fertility was of minor importance for the establishment of both Scirpus 
taxa. Scirpus I. lacustris established well in both shallow (5-15 cm) and 
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moderately deep (30-40 cm) water, whereas S. maritimus only established well in 
shallow water. In order to find out whether a high plant density and the 
mechanical support of shoots could counteract the adverse effects of wave action, 
both taxa were planted at different densities at a mean water depth of 5 and 30 
cm, whereas in half of the plots shoots were supported by wire-netting. 
Generally, a high plant density had a negative effect on growth of the individual 
plants, because it resulted in intra-specific competition. Supporting shoots had no 
overall positive effect. It was concluded that the stiff, leafy shoots of not yet 
rooted S. maritimus toppled over easily due to wave action. This occurred before 
shoots were able to support each other or were supported by the wire-netting. 
Recently planted S.l. lacustris was very susceptible to shoot grazing by Mute 
swans (Cygnus olor). At the end of the first growing season, grazing resulted in 
only 4% of the maximum standing crop of ungrazed S.l. lacustris plants. 
Established S.l. lacustris may be less susceptible to grazing. However, the 
continuous grazing by waterfowl, i.e. Greylag geese (Anser anser) during 
wintertime and Mute swans during summertime, may result in the disappearance 
of established stands in due time. Therefore, it remains questionable whether it is 
feasible to plant Scirpus in areas with high concentrations of waterfowl. 
Germination and seedling establishment 
Firstly, germination characteristics of all three Scirpus taxa were studied by 
laboratory experiments. Light strongly stimulated germination of Scirpus seeds, 
which were stratified (wet/cold storage) for 6 weeks or shorter, whereas 
germination of seeds that were stratified for a longer period of time was only 
slightly lower in continuous darkness than in light. Fluctuating day- and night 
temperatures stimulated the germination of S.l. tabernaemontani and S. 
maritimus, whereas S.l. lacustris germinated as well under a constant temperature 
regime. All three taxa were able to germinate under water and when buried. 
Germinability, however, decreased strongly with increasing burial depth (Chapter 
3). The requirement of fluctuating temperatures by S.l. tabemaemontani and S. 
maritimus indicates that these taxa are only able to germinate in the transitional 
zone between land and water, e.g. on exposed mudflats and shallow water. As a 
fluctuating temperature was not obligatory in S.l. lacustris, this taxon may be 
able to germinate in deeper water as well. 
In the transitional zone between water and land only small changes in 
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hydrological conditions may result in alternating periods of terrestrial and 
submerged growing conditions. Under water, aeration of roots and shoots, and 
photosynthesis may become strongly reduced due to the high C02- and 02-
diffusion resistance in water as compared to air. Furthermore, the switch between 
terrestrial and submerged growing conditions may be accompanied with a 
reduced light availability due to the resuspension of soil particles. 
Experiments under controlled conditions showed that the mean relative growth 
rate (RGR) of terrestrially grown Scirpus was on average twice as high as that of 
the submerged ones (Chapter 4). Under terrestrial growth conditions S. maritimus 
showed higher RGR's than both S. lacustris subspecies, whereas under 
submerged growth conditions the opposite was evident. Shading resulted in a 
strong decrease in RGR in terrestrial seedlings and only a small decrease in 
submerged ones. The older the seedlings at the time of transfer from terrestrial to 
submerged conditions the lower the RGR. If transferred the other way round, S.l. 
tabemaemontani and S. maritimus adapted quickly to the terrestrial growth 
conditions, whereas the leaves of S.l. lacustris partly dried out. 
Species, which grow much better on land than under water may try to get 
access to air by morphological changes. Scirpus maritimus showed the smallest 
morphological changes and was unable to grow taller than 10 cm under water. 
Some plants of S.l. tabemaemontani were able to grow through 25 cm water, 
maintaining an erect growth form with narrow, thin leaves, whereas S.l. lacustris 
produced a large number of long, floating and even thinner leaves. Scirpus I. 
lacustris, the taxon with the strongest morphological changes also showed the 
highest rate of underwater photosynthesis. Also shading resulted in the production 
of thinner leaves, but in contrast to the response to submergence, it did not result 
in differences between taxa. In all three Scirpus taxa both submergence and 
shading did not result in pronounced elongation responses. 
It was concluded that seedling establishment will be most successful on 
exposed mudflats and in shallow, sheltered waters. Scirpus maritimus seedlings 
due to their higher growth rate will outcompete seedlings of both S. lacustris 
subspecies under terrestrial growth conditions. Scirpus I. lacustris seedlings are 
best adapted to grow at large water depths and those of S. maritimus worst, 
whereas S.l. tabemaemontani behaved intermediately. This sequence conforms to 
the distribution of adult Scirpus taxa. A disadvantage of strong morphological 
responses to submerged growth is that the etiolated seedlings collapse easily, and 
in the case of S.l. lacustris desiccate easily once water levels drop. Therefore, in 
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areas with frequent changing water levels S. maritimus seems to be the best 
adapted tax on. 
Vegetative growth of S. maritimus 
Adults of S. maritimus are usually found in much deeper water than seedlings. 
The clonal expansion of this taxon into deeper water was studied by planting S. 
maritimus seedlings in outdoor ponds at different water depths (Chapter 5). The 
taxon showed strong plastic responses in the rate of branching, but not in 
rhizome lengths. Furthermore plasticity in morphology (shoot length) and 
biomass allocation (trade-off between stems and roots) of ramets was apparent. 
These plastic responses were directed towards the fast emergence of single ramets 
in deep water. Total ramet dry weights and dry weights of storage organs (tubers) 
were not affected by water depth, however both increased strongly in sequentially 
produced ramets. This ontogenetically determined variation in ramet properties is 
of major importance for the clonal growth of this taxon into deeper water. 
Before the winter period the above-ground parts of S. maritimus die-off. 
Scirpus maritimus overwinters by means of tubers. In early spring, S. maritimus, 
in contrast to other emergent macrophytes, like Phragmites australis and Typha 
angusti/olia, is able to sprout without the provision of oxygen from dead 
overwintering shoots. However, for prolonged submerged shoot-growth oxygen 
will be needed. Underwater photosynthesis may provide S. maritimus with 
oxygen as well as with extra carbohydrates. The importance of underwater 
photosynthesis was assessed in outdoor ponds using different initial tuber sizes 
(mean 8.9 and 16.2 g fresh weight) and different light levels (0, 40, 70 and 
100% of full daylight) (Chapter 6). Measurements of shoot-respiration and the 
calculation of the efficiency of the conversion of reserve-carbohydrates into 
newly produced biomass showed that submerged shoots of S. maritimus are able 
to take up ample 0 2 from the water for respiration. Neither tuber size nor light 
availability affected the relative rate of tuber depletion and shoot-length. 
However, both strongly affected total dry matter production. Shoots grown in 
darkness were strongly etiolated, with a lower leaf appearance rate, but longer 
leaves than those grown in light or shade. Due to the relative low light saturation 
point of submerged S. maritimus, shading up to 60% of full day light had no 
effect on growth. 
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Degeneration 
In non-tidal wetlands dead organic matter (detritus) may accumulate due to the 
low rate and incomplete mineralization under low oxygen availability (Chapter 
7). Accumulated organic matter is supposed to affect plant growth adversely, due 
to a reduced ability of roots to penetrate the substrate, a shortage of nutrients or 
strongly reduced substrate conditions. In pot experiments the growth of S. 
maritimus decreased strongly with increasing thickness of a detritus mat covered 
with sediment. The position of the mat was only of minor importance and did not 
affect the spatial distribution of roots. The fragmentation of organic matter 
reduced growth of S. maritimus even stronger than intact organic matter. The 
supply of nutrients strongly reduced differences in shoot nutrient-contents and in 
dry matter allocation of plants grown in different substrates. However, nutrient-
supply did not or only partly reduce differences in total dry weight. Poor growth 
of S. maritimus could also not be related to differences in redox potentials of the 
substrates. In most instances redox potentials were indicative of iron reduction, 
but iron concentrations in the shoots never reached toxic levels. It was argued 
that the redox potential of the substrate is probably a poor indicator for the 
intensity of oxidation-reduction processes. As also the impediment of the 
substrate and nutrient-shortage were not the main factors reducing growth of 5. 
maritimus, it is most likely that poor growth of S. maritimus is caused by the 
release of Phytotoxins in the substrate and/or oxygen deficiency in roots. 
Implications for management 
Although on the short-term artificial plantings may be quite successful, 
extensive Scirpus stands can only be created and preserved by allowing natural 
establishment and developing of Scirpus. It is argued that due to the stabilization 
of water levels natural establishment and developing of Scirpus stands and 
probably also that of other emergent macrophytes is strongly reduced in Dutch 
large freshwater lakes. The re-introduction of tidal differences, e.g. in the 
Haringvliet, may be the best way to re-establish Scirpus. In freshwater lakes, 
natural water level fluctuation will probably result in Phragmites australis and 
Typha angusti/olia rather than Scirpus dominanted wetlands. 
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Inleiding 
Gedurende deze eeuw is in Nederland een groot aantal estuaria met dammen 
afgesloten. Dit veranderde de estuaria in stagnante zoetwatermeren. Ten gevolge 
van de veranderde hydrologische omstandigheden vond veelal erosie van de 
oevers plaats en verdwenen de bij eb droogvallende platen. Ten gevolge van deze 
hydrologische veranderingen namen de biezenbegroeiingen, die in Nederland 
voornamelijk langs estuaria en getijdenrivieren worden aangetroffen, sterk in 
omvang af. 
Biezen zijn emergente waterplanten die veelal grenzend aan het open water 
voorkomen. Van diep naar ondiep is hun voorkomen als volgt: Mattenbies 
(Scirpus lacustrìs ssp. focustris) - Ruwe bies (S. lacustris ssp. tabernaemontani) -
Zeebies (5. maritimus). Zeebies is daarvan het meest zouttolerant. 
In 1986 startte het Rijksinstituut voor Integraal Zoetwaterbeheer en 
Afvalwaterbehandeling (RIZA) een studie ten einde na te gaan of het mogelijk is 
biezen in het noordelijk Delta-gebied te herintroduceren. Binnen het kader van dit 
project werden verschillende veldexperimenten uitgevoerd met vegetatief 
vermeerderd Mattenbies en Zeebies materiaal. Na beëindiging van het RIZA-
project werd onderzocht in hoeverre biezen zich kunnen vestigen en handhaven 
onder natuurlijke omstandigheden in de voormalige getijdengebieden. De invloed 
van relevante milieufactoren op de verschillende stadia in de levenscyclus van 
biezen werd bestudeerd door middel van oecologische en oecofysiologische 
experimenten. Kieming en vestiging werden voor alle drie de taxa onderzocht, 
omdat deze fasen in de levenscyclus als 'bottle-necks' voor de herkolonisatie van 
voormalige getijdengebieden kunnen worden gezien. De groei van gevestigde 
planten werd alleen voor Zeebies onderzocht, omdat in dit taxon in tegenstelling 
tot Mattenbies en Zeebies, ramets en delen van ramets goed te onderscheiden 
waren. 
Aanplanten van biezen 
Er werden verschillende veldexperimenten uitgevoerd, teneinde na te gaan of 
het mogelijk is om Mattenbies en Zeebies onder specifieke terreinomstandigheden 
terug te krijgen in het noordelijk Deltagebied (Hoofdstuk 2). 
De bodemvruchtbaarheid bleek nauwelijks van belang te zijn voor de vestiging 
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van beide biezensoorten. Mattenbies vestigde zich net zo goed in ondiep (S-1S 
cm) als in matig diep (30-40 cm) water, maar Zeebies kon zich alleen in ondiep 
water goed vestigen. Er werd geconcludeerd dat Zeebies zich in matig diep water 
slecht vestigde doordat de stijve, bebladerde scheuten van de nog niet in de 
bodem door wortels verankerde planten direct na aanplant gemakkelijk door 
golven omslaan. Teneinde na te gaan of een hoge plantdichtheid en de 
ondersteuning van scheuten de te verwachten nadelige gevolgen van golven 
konden tegengaan, werden beide soorten in veldjes met verschillende 
plantdichtheden aangeplant bij een waterdiepte van 5 en 30 cm, waarbij scheuten 
in de helft van de veldjes met gaas werden ondersteund. Ten gevolge van 
onderlinge concurrentie was een hoge plantdichtheid in het algemeen nadelig voor 
de groei van de afzonderlijke planten. De ondersteuning van de scheuten had 
geen duidelijk effect. 
Begrazing van scheuten van pas aangeplante Mattenbies door Knobbelzwanen 
(Cygnus olor) had tot gevolg dat na één groeiseizoen in vergelijking met 
onbegraasde planten maar 4% van de bovengrondse biomassa overbleef. 
Gevestigde Mattenbiesplanten zijn waarschijnlijk minder gevoelig voor begrazing. 
Maar ook deze begroeiingen kunnen ten gevolge van voortdurende begrazing 
door watervogels, dat wil zeggen Grauwe ganzen (Anser anser) gedurende de 
winter en Knobbelzwanen gedurende de zomer, in de loop van de tijd 
verdwijnen. Het blijft daarom de vraag of het zinvol is biezen aan te planten in 
gebieden waar grote aantallen watervogels voorkomen. 
Kieming en vestiging uit zaad 
Kiemingseigenschappen werden door middel van laboratoriumexperimenten 
bestudeerd (Hoofdstuk 3). Licht bevorderde de kieming na een stratificatie-
periode (nat en koud bewaard) van 6 weken of minder, maar bevorderde de 
kieming van zaden, die lang waren gestratificeerd nauwelijks. Voor een goede 
kieming van Ruwe bies en Zeebies waren wisseltemperaturen nodig, maar 
Mattenbies kiemde net zo goed onder constante temperaturen. Alle drie de taxa 
kiemden zowel onder water (tot 10 cm waterdiepte) als wanneer ze begraven 
waren, maar het kiemingspercentage daalde snel met toenemende substraatdiepte. 
Het feit dat kieming van Ruwe bies en Zeebies alleen optrad bij wissel-
temperaturen wijst erop dat deze taxa alleen in het overgangsgebied tussen land 
en water kunnen kiemen. Daarbij kan worden gedacht aan droogvallende bodems 
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en ondiep water. Omdat wisseltemperaturen niet nodig waren voor een goede 
kieming van Mattenbies, kan dit taxon waarschijnlijk ook in dieper water kiemen. 
In het overgangsgebied tussen water en land kunnen kleine veranderingen in 
hydrologische omstandigheden resulteren in afwisselende periodes van droge en 
natte tot groeiomstandigheden onder water. Onder water kan de fotosynthese en 
de zuurstofvoorziening van wortels en scheuten sterk worden gereduceerd door 
de relatief hoge C02- en 02-diffusie weerstand in water vergeleken met die in 
lucht. Verder kan de overgang van goede groeiomstandigheden op het land naar 
groeiomstandigheden onder water samengaan met een sterke verslechtering van 
het lichtklimaat in het water door opwervelend bodemmateriaal. Experimenten 
onder gecontroleerde omstandigheden lieten zien dat de gemiddelde relatieve 
groeisnelheid (RGR) van de op het land gekweekte kiemplanten twee keer zo 
hoog was dan die van onder water gekweekte kiemplanten (Hoofdstuk 4). Onder 
terrestrische omstandigheden had Zeebies een hogere RGR dan Mattenbies en 
Ruwe bies, maar onder water was juist de RGR van Mattenbies en Ruwe bies 
hoger. Beschaduwing had tot gevolg dat de RGR van planten op het land sterk 
afnam, maar had slechts een geringe amane van de RGR van planten onder water 
tot gevolg. De RGR van kiemplanten na overplaatsing nam sterk af met 
toenemende leeftijd op het tijdstip van overplaatsen van terrestrische naar 
submerse omstandigheden. Wanneer ze werden overgeplaatst van submerse naar 
terrestrische groeiomstandigheden, pasten Ruwe bies en Zeebies zich snel aan de 
nieuwe groeiomstandigheden aan, maar de bladeren van Mattenbies droogden 
gedeeltelijk uit. 
Soorten die veel beter onder terrestrische omstandigheden dan onder water 
kunnen groeien, zouden door middel van morfologische veranderingen onder 
water sneller contact kunnen krijgen met de lucht. Zeebies vertoonde de geringste 
morfologische veranderingen en was onder water niet in staat om groter te 
worden dan 10 cm. Kiemplanten van Ruwe bies waren net in staat om door een 
laag van 25 cm water heen te groeien. Ze groeiden hierbij recht omhoog met 
smalle, dunne bladeren, Mattenbies daarentegen maakte een groot aantal lange, 
smalle en nog dunnere bladeren. Mattenbies, het taxon met de sterkste 
morfologische veranderingen, had ook de hoogste fotosynthesesnelheid onder 
water. Beschaduwing resulteerde ook in de produktie van dunnere bladeren, maar 
in tegenstelling tot de reactie op de groei onder water, resulteerde dit niet in 
verschillen tussen taxa. Zowel de groei onder water als beschaduwing leidde in 
geen van de drie taxa tot een sterke lengte-groei van scheuten. 
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Er werd geconcludeerd dat de kieming en vestiging van alle drie de taxa de 
grootste kans van slagen hebben op droogvallende bodems en in ondiep, beschut 
liggende wateren. Onder terrestrische omstandigheden zullen Zeebieskiemplanten 
sneller groeien dan Mattenbies- en Ruwe bieskiemplanten, en deze dus weg 
concurreren. Verder werd geconcludeerd dat Mattenbieskiemplanten het beste 
aangepast zijn aan de groei in diep water en Zeebieskiemplanten het slechtst, 
terwijl Ruwe bies er tussen in zit. Deze volgorde komt overeen met het 
voorkomen van volwassen biezen in relatie tot waterdiepte. Echter een gevolg 
van de genoemde morfologische veranderingen in Mattenbies en Ruwe bies is dat 
kiemplanten onder water erg slap zijn. Dit kan tot gevolg hebben dat kiemplanten 
gemakkelijk kunnen omvallen en in het geval van Mattenbies ook kunnen 
uitdrogen als de waterstanden lager worden. Daarom zijn in gebieden met sterke 
fluctuaties in waterdiepte de kiemplanten van Zeebies in het voordeel. 
Vegetatieve groei van Zeebies 
Meestal worden volwassen planten in veel dieper water aangetroffen dan 
kiemplanten van Zeebies. De klonale groei van Zeebies werd onder 
gecontroleerde omstandigheden bij verschillende waterdiepten onderzocht 
(Hoofdstuk 5). Zeebies vertoonde een grote plasticiteit in de snelheid van 
vertakken, maar niet in de lengte van rhizomen. Verder werden plastische 
reacties in morfologie (scheutlengte) en biomassaverdeling (veranderingen in 
allocatie van droge stof naar stengels en wortels) geconstateerd. Deze plastische 
reacties zijn gericht op een snelle groei van de individuele ramets door het 
wateroppervlak. Het totale drooggewicht van de ramets en dat van de tubers 
(knolletjes) verschilden niet tussen de waterdiepten, maar beiden namen sterk toe 
in opeenvolgend geproduceerde ramets. Deze in de ontwikkeling van 
Zeebiesklonen vastgelegde veranderingen zijn waarschijnlijk van groot belang 
voor de klonale groei in dieper water. 
Voor de winter sterven de bovengrondse delen van Zeebies af. Zeebies 
overwintert door middel van tubers. In tegenstelling tot andere emergente 
waterplanten, zoals Riet (Phragmites australis) en Kleine Lisdodde (Typha 
angusti/olia) kunnen scheuten van Zeebies onder zuurstofloze omstandigheden in 
het voorjaar uitlopen. Het is echter niet bekend of Zeebies voor de verdere groei 
onder water afhankelijk is van de bij de fotosynthese geproduceerde zuurstof. 
Ook zou fotosynthese van belang kunnen zijn voor de produktie van extra 
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koolhydraten, naast de al in de tubers aanwezige reserve-koolhydraten. Daarom 
werd in het voorjaar de groei van Zeebies gevolgd door tubers met verschillende 
groottes (gemiddeld 8.9. en 16.2 g vers gewicht) aan te planten bij verschillende 
lichtniveaus (0, 40, 70 en 100% van volledig daglicht) (Hoofdstuk 6). Door het 
meten van de zuurstofopname door scheuten en het berekenen van de efficiëntie 
van de omzetting van reserve-koolhydraten in nieuw geproduceerde droge stof 
werd duidelijk dat Zeebies in staat was genoeg zuurstof voor de ademhaling uit 
het water op te nemen. Zowel de tubergrootte als de beschikbaarheid van licht 
had geen invloed op de relatieve uitputtingssnelheid van reserve-koolhydraten en 
de lengte-groei van scheuten. Beiden hadden onafhankelijk van elkaar wel invloed 
op de droge stof produktie. Scheuten, die in het donker groeiden, etioleerden 
sterk. Verder was het tempo waarin bladeren werden gevormd lager, en werden 
langere bladeren geproduceerd door planten die in het donker waren gekweekt 
dan door planten in het licht of schaduw. Door het relatief lage lichtverzadigings-
niveau van Zeebies onder water had beschaduwing tot 60% van volledig daglicht 
geen invloed op de groei. 
Degeneratie 
In stagnante wateren kan dood organisch materiaal (detritus) zich ophopen door 
een lage en niet volledige mineralisatie bij een lage zuurstof beschikbaarheid 
(Hoofdstuk 7). Er wordt verondersteld dat het opgehoopte organisch materiaal de 
groei van planten nadelig beïnvloedt, doordat de planten het substraat minder 
goed kunnen doorwortelen, door een tekort aan voedingsstoffen en/of door sterk 
gereduceerde bodemomstandigheden. In potproeven nam de groei van Zeebies 
sterk af bij toenemende dikte van een detritus-mat, die met sediment bedekt was. 
De positie van de detritus-mat in de potten had nauwelijks invloed op de groei 
van Zeebies en helemaal niet op de ruimtelijke verdeling van Zeebieswortels. De 
groei van Zeebies werd nog sterker geremd op gefragmenteerde dan op intacte 
detritus deeltjes. Door bemesting namen de verschillen in nutrientengehaltes van 
scheuten en in droge stof verdeling van planten op de verschillende substraten 
sterk af. Maar de verschillen in totaal droge stof werden niet of slechts 
gedeeltelijk kleiner. Verder bleek er geen samenhang te zijn tussen de groei van 
Zeebies en de redox-potentiaal van het substraat. Redox-potentialen waren 
meestal indicatief voor ijzer-reductie, maar de ijzer-concentraties in de scheuten 
bereikten nooit toxische niveaus. Waarschijnlijk zeggen redox-potentialen weinig 
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over de intensiteit van oxidatie-reductie processen. Er werd geconcludeerd dat 
zowel de dichtheid van het substraat als een gebrek aan voedingsstoffen niet de 
hoofdoorzaken zijn van de slechte groei van Zeebies. De meest waarschijnlijke 
verklaring is daarom dat Zeebies slecht groeide in detritus doordat daar stoffen 
vrijkomen die toxisch zijn voor planten en/of door zuurstofgebrek in de wortels. 
Implicatie voor beleid 
Alhoewel de aanplant van biezen goed mogelijk is, kunnen uitgestrekte 
biezenbegroeiingen alleen worden teruggekregen en in stand worden gehouden 
door natuurlijke vestiging en ontwikkeling mogelijk te maken. Door het 
stabiliseren van watemiveaus is de natuurlijke vestiging en groei van biezen en 
waarschijnlijk ook van andere emergente waterplanten sterk verminderd in grote 
Nederlandse zoetwatermeren. De herintroductie van getijden, bijvoorbeeld in het 
Haringvliet zou de beste mogelijkheden kunnen bieden voor nieuwe vestiging van 
biezen. In grote zoetwatermeren zullen natuurlijke fluctuaties in het waterniveau 
eerder tot gevolg hebben dat deze meren gedomineerd gaan worden door Riet en 
Kleine lisdodde dan door biezen. 
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NAWOORD 
Bij een proefschrift hoort een terugblik op de daaraan voorafgaande periode. 
In mijn geval begon 'het allemaal' met een verzoek van Henk Smit (toentertijd 
werkzaam bij het RIZA in Dordrecht) aan Jaap Mook en Jan van der Toorn om 
een projectvoorstel te schrijven voor onderzoek teneinde biezen in het noordelijk 
Deltagebied te herintroduceren. Gedurende een periode van 3 jaar werd vervol­
gens in opdracht van het RIZA door mij onderzoek verricht aan dit onderwerp. 
In deze periode werd ik bijgestaan door een begeleidingscommissie bestaande uit 
Dick Verkaar (toentertijd RWS directie Weg- en Waterbouwkunde), de heer 
Pilon (toentertijd RWS directie Getijdenwateren), Jos Kuijpers (toentertijd RWS 
directie Zuid-Holland), Hugo Coops (toentertijd in dienst van het RIZA in 
Dordrecht) en verder door Wim van der Putten, Sep Troelstra en Jan van der 
Toorn van het Instituut voor Oecologisch Onderzoek (IOO). Vooral Wim van der 
Putten heeft een groot aandeel gehad in het welslagen van dit onderzoek. 
In deze periode ging bijna het volledige personeel van Weevers' Duin gebukt 
onder het biezenonderzoek, niet alleen vanwege alle troep die het onderzoek met 
zich meebracht (Joop - Wiecher), maar ook omdat er wel eens een beroep gedaan 
werd om biezen aan te planten. Dit gebeurde meestal onder 'minder prettige' 
weersomstandigheden, of te wel de waterstanden waren soms wel erg hoog. 
Iedereen die meegeholpen heeft, bedankt daarvoor! Speciaal wil ik Wilma van 
Gulik bedanken, die gedurende twee jaar met veel enthousiasme heeft geassis­
teerd, in een periode waarin de veld werkdagen wel eens erg zwaar waren en 
soms erg uit de hand liepen. 
Na deze 'Rijkswaterstaat' periode werd het onderzoek gefinancierd door het 
IOO en vervolgens door het Prins Bernhard fonds. Dit bracht met zich mee dat er 
promotoren gezocht moesten worden, die vervolgens in de vorm van Kees Blom 
en Wim van Vierssen werden gevonden. Op een moment dat het niet erg 
duidelijk was of het onderzoek wel tot een proefschrift afgerond kon worden, 
hebben zij toch toegestemd om het onderzoek verder als promotor te begeleiden. 
Door hun inbreng is het onderzoek naar de oecofysiologische hoek opgeschoven. 
Dit bracht fotosynthesemetingen met zich mee, die niet op het IOO verricht 
konden worden. In Delft (ШЕ) werd ik door Michiel Hootsmans en Jan Vermaat 
ingewijd in het meten van fotosynthese in het water. Vooral Michiel Hootsmans 
heeft mij de 'fijne kneepjes' hiervan bijgebracht. De afdeling van Hans Lambers 
(Universiteit van Utrecht) stelde mij in staat om fotosynthese van biezen in de 
lucht te meten. Vooral Rob Welschen wil ik bedanken voor zijn hulp. 
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Een groot aantal mensen heeft voor langere of kortere tijd meegeholpen aan 
het onderzoek, dit zijn de assistenten Maria Hundscheid, Bas Peters, Nina 
Joosten (voor het wegen van minimaal 6393 gewasmonsters) en Frank Men ting, 
en de stagiaires Linda Abee, Petra van Dinter, Esther Duivenvoorden, Marco de 
Hooge, Anita Monster, Jack Mangelaars, Tjeerd-Harmen van den Hoek en Erika 
van der Wal. Verder werd een vlottersysteem ontwikkeld door de technische 
dienst, Leen Sluimer, die helaas overleden is, verrichtte de bodemanalyses, 
Wiecher Smant de gewasanalyses en Henk Duyts bepaalde koolhydraten. 
Ook wil ik diegene bedanken, die getracht hebben orde te scheppen in de 
diverse hoofdstukken, dit zijn Jos van Damme, Wim van de Putten (vooral) en de 
heer Woldendorp. Daarnaast heeft een aantal personen afzonderlijke hoofdstuk-
ken doorgelezen, dit zijn Rens Voesenek, Jan van Groenendael, Hans de Kroon, 
Jan Vermaat en Sep Troelstra. 
Speciaal wil ik ook Hans Koelewijn bedanken voor het onbezoldigd op zondag 
algen harken in het Haringvliet, voor alle statistische adviezen en voor het delen 
van lief en leed bij het doen van promotieonderzoek, en tot slot Anita de Haan en 
Ingrid Hoek voor het verwijderen van de laatste? (schrijf)-fouten uit het proef-
schrift. 
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CURRICULUM VITAE 
Olga Aleida Clevering werd geboren op 9 september 1959 te Den Andel 
(toenmalige gemeente Baflo). Van 1971 tot 1978 volgde zij voortgezet onderwijs, 
eerst aan de Gemeentelijke MAVO te Eenrum en daarna aan de Rijksscholen­
gemeenschap het Hogeland te Warffum (Athenaeum В). In 1978 begon zij de 
studie Biologie aan de toenmalige Landbouw Hogeschool te Wageningen. In 1986 
behaalde zij cum laude het doctoraalexamen met als hoofdvakken Planten-
oecologie en Graslandkunde en bijvakken Pedagogiek en Didactiek en Ethologie. 
De stage werd doorgebracht bij de Division of Tropical Crops and Pastures of de 
Commonwealth Scientific and Industrial Research Organization te Townsville, 
Australië. 
Vanaf februari 1987 tot half januari 1993 was zij in dienst als onderzoekster 
bij het toenmalige Instituut voor Oecologisch Onderzoek @00), nu het Neder-
lands Instituut voor Oecologisch Onderzoek (NIOO). De eerste 3 jaar werd 
onderzoek verricht in opdracht van het Rijksinstituut voor de Zuivering van 
Afvalwater (RIZA) naar de mogelijkheden biezen in het noordelijk Deltagebied te 
herintroduceren. Het onderzoek aan biezen werd na deze periode voortgezet, en 
achtereenvolgens gefinancierd door het IOO en het Prins Bernhard Fonds. Het 
onderzoek werd eerst uitgevoerd bij de toenmalige afdeling Duinonderzoek 
"Weevers' Duin" te Oostvoome en later bij de afdeling Populatiebiologie van 
Planten te Heteren. 
Vanaf 1 maart 1993 tot 1 maart 1995 is zij als post-doc in dienst bij het NIOO 
te Heteren. In het kader van een E.G. project naar de achteruitgang van Riet 
wordt onderzoek verricht naar de oecologische betekenis van genetische variatie 
in relatie tot de achteruitgang van deze soort door eutrofiëring. 
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